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1.1 Fuel cells  
 
The current energy supply systems, such as power plants and combustion engines, are 
based on the combustion of fossil fuels (coal, oil, natural gas and so on), which causes 
many environmental problems, such as air pollution, acidifying emissions, and the 
emission of greenhouse gases [1-5]. In addition, it is predicted that oil and natural gas 
supplies will start to shrink and perhaps even disappear [6]. Such environmental 
problems and the emerging energy crisis pose the question of how to use energy in the 
earth more efficiently while keeping our living space clean. They have spurred the 
development of alternative energy systems and driven research to develop more 
efficient and environmentally friendly energy technologies. 
Alternative energy systems based on solar energy, wind energy, bio-energy, hydrogen 
energy and the use of fossil fuels with drastically reduced CO2 emissions are being 
developed [6-12]. The byproducts of alternative energy systems are much more 
environmentally friendly, which not only reduces emissions of global warming and 
pollutant gases, but also provides a healthier atmosphere for those living in that region. 
The desire to develop alternative energy sources, along with the ever-diminishing fossil 
fuel supply has resulted in a present push for fuel cell technology. 
Fuel cells are one of the most attractive energy conversion systems because they offer 
high efficiency and low pollution [13]. A fuel cell is an energy conversion device that 
can directly convert the chemical energy of a fuel (e.g. hydrogen and various 
hydrocarbons) and an oxidant (e.g. air and oxygen) into electrical energy via an 
electrochemical reaction, without any Carnot limitation [13,14]. In contrast, traditional 
energy technologies such as combustion engines, convert chemical energy to 
mechanical energy and then to electrical energy, during which there are large losses 
involved. Hence, energy efficiencies of fuel cells are relatively high.  
During the last few decades five main types of fuel cells have been developed: 
polymer electrolyte fuel cell (PEFC), alkaline fuel cell (AFC), phosphoric acid fuel cell 
(PAFC), molten carbonate fuel cell (MCFC) and solid oxide fuel cell (SOFC) [13-21]. 
Table 1-1 shows the characteristics of five types of fuel cells. The different fuel cell 
types are usually distinguished by the used electrolytes. All of fuel cells are composed 
of a cathode where the reduction of the oxidant takes place, an anode where the 
oxidation of the fuel takes place and an electrolyte where the ions are transferred from 
one electrode to the other. As compared to batteries that have to be periodically 
recharged, fuel and oxidant can be continuously supplied to a fuel cell. Hence, power 
 3 
can be continuously produced.  
All types of fuel cells have advantages and drawbacks. The PEFC, AFC and PAFC 
operate at lower temperatures, but require relatively pure hydrogen to be supplied to the 
anode. Accordingly, the use of hydrocarbon or alcohol fuels requires an external fuel 
processing step to be incorporated into the system [13,19]. This not only increases the 
complexity and the costs of the system, but also decreases the overall efficiency. In 
contrast, MCFC and SOFC can utilize directly hydrocarbons or alcohols as the fuel 
because they operate at higher temperatures and the fuel can be reformed in the cell 
[20,21]. In all fuel cells, the SOFC shows the highest efficiency and has attracted 
extensive attention. In the following we will focus on the SOFC. 
 
Table 1-1. Summary of major differences of the fuel cell types. 





















40-80 ºC 65-220 ºC 150-220 ºC 600-700 ºC 700-1000 ºC 
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Fuel H2 H2 H2 H2, CO H2, CO 





Yes Yes Yes No No 
 
 




Solid oxide fuel cells (SOFCs) are solid-state electrochemical energy conversion 
devices that directly convert chemical energy into electrical energy (and heat) without 
involving the process of combustion [21,22]. The basic components of a SOFC are the 
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electrolyte, the anode and the cathode. All components are entire ceramic-based 
materials. Each component serves several functions in the SOFC and has to meet certain 
requirements. These requirements include: proper stability (chemical, phase, 
morphological and dimensional) in oxidizing and/or reducing environments, chemical 
compatibility with other components and a proper conductivity [22-24]. The electrolyte 
must be dense in order to separate the oxidant and fuel gases, whereas both anode and 
cathode must be porous to allow gas transport to the reaction sites.  
Yttria-stabilized zirconia (YSZ) is the most common electrolyte material, due to its 
relatively high ionic conductivity and high chemical stability both in reducing and 
oxidizing atmospheres [14,21,22,25-28].  
Perovskite La1-xSrxMnO3-y (LSM) is used mostly as cathode material. The use of 
LSM is due to the high stability in oxidizing atmospheres, sufficient electrical 
conductivity at high temperature, and close thermal expansion match to the YSZ 
electrolyte [14,21,22,25,29,30].  
Ni-YSZ cermet is the most common anode material for SOFC applications 
[14,21,22,25,31-33]. Nickel is used because it is one of the metals that are able to 
withstand the reducing conditions and high temperatures (~1000 ºC). Other possible 
materials are cobalt and noble metals, but taking into account volatility, chemical 
stability, catalytic activity and cost, nickel appears to be the best candidate. Nickel plays 
the role of the electronic conducting phase and transports the electrons from the reaction 
site to the current collector. YSZ is added to support the nickel-metal particles, inhibit 
coarsening of the metallic particles and provide a thermal expansion coefficient 
acceptably close to those of the other cell components. 
 
1.2.2 Operation principle 
 
Fig. 1-1 shows the schematic diagram of operating principles of a solid oxide fuel cell 
running on H2 gas [14,21]. The most common fuel for SOFCs is hydrogen, so the 
operation principle is explained with this fuel here. 
At the cathode the reduction of oxygen from air occurs at triple phase boundary 
(TPB) (Reaction (1.1)), consuming the electrons (e-) that have flown through an 
electrical circuit (as shown in Fig. 1-2 A). The reduction of oxygen leads to the 
formation of regular oxygen ions (O2-) at the surface of the electrolyte.  
−− →+ 22 2
2
1




Fig. 1-1. Schematic diagram showing the operating principles of a solid oxide fuel cell 




Fig. 1-2. Schematic diagram of electrochemical reaction at cathode and anode. 
 
The oxygen ions are then transported through the electrolyte to the anode. The 
oxidation of hydrogen takes place at the anode (Reaction (1.2)). Hydrogen and oxygen 
ion are consumed and H2O and electrons are formed (as shown in Fig. 1-2 B).  
−− +→+ eOHOH 22
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It can be easily verified that the sum of Reaction (1.1) and (1.2) corresponds to the 
combustion reaction of hydrogen with water as the product:  
             OHOH 222
2
1
→+                            (1.3) 
By the electrochemical reaction the Gibb’s free energy change transforms into electrical 
energy: 
EFG ⋅=∆ 2                                (1.4) 
where F is the Faraday constant and E is the cell voltage. The change of Gibbs free 
energy for Reaction (1.3) at standard conditions (∆G°) amounts to 241.8 kJ·mol when 
water is not condensed. The cell voltage E° calculated by Equation (1.4) is 1.185 V. This 
is as high as the voltage of an SOFC can become. More details about fuel cell 
thermodynamics can be found elsewhere [34]. 
 
1.2.3 Advantages and disadvantages of SOFCs 
 
The SOFCs have the following advantages [12-14,21-34,35-37]: 
(1) High energy conversion efficiency 
   Because of the direct conversion of free enthalpy into electrical energy the usual 
losses from fuel to electrical energy, due to the conversion of fuel to heat, heat to 
mechanical energy and mechanical energy to electrical energy, is avoided. Thus, 
compared to the diesel engine, gasoline engine and steam and gas turbines, the 
efficiency of SOFCs is relatively higher. The efficiency is further improved when 
the by-product heat is fully utilized. 
(2) Low or zero pollution emission 
The by-product of the reaction, when hydrogen is the fuel, is pure water, which 
means a SOFC can be essentially ‘zero emission’. When hydrocarbons are used as 
fuels, there is lower CO2 emission and extremely low SOx and NOx emission. 
(3) Fuel flexibility 
   Hydrogen, natural gas, biogas, methanol, butane and so on can be used as fuels 
for SOFCs. The flexibility in the choice of fuel, coupled to the ability to operate 
SOFCs directly on practical hydrocarbon fuels, makes the SOFC particularly suited 
to small-scale, stand-alone and remote application.  
(4) Size and siting flexibility 
   Fuel cells have the characteristics of modularity, i.e. cells can be made in modular 
sizes. The size of a SOFC can be easily increased or decreased and its electric 
efficiency is relatively independent of size. Because SOFCs can be made in a variety 
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of sizes, they can be placed at different locations with minimum siting restrictions. 
(5) Quiet operation 
   SOFC operation is quiet because a SOFC has no moving parts. Consequently 
SOFCs can be easily located near points of use such as urban residential areas. 
 
Unfortunately, there are also some drawbacks which have caused a slow introduction 
of SOFCs on the energy market [21,22,38-40]. 
(1) Material problems in relation with costs 
   There are two design types for SOFCs: tubular and flat plate. For the tubular 
design there are less material problems, but fabrication costs are relatively high. For 
the flat plate design the fabrication costs are less, but there are many material 
problems. There are thermal expansion mismatches among materials, and sealing 
around the edge of the cell components is difficult in the flat plate configurations. 
The high operating temperatures restrict material selection and result in difficult 
fabrication processes. 
(2) Economic problem 
   High electricity production cost or high price/performance ratio of SOFCs limits 
the introduction on the energy market. 
(3) Operational problem 
     High operating temperatures of SOFCs result in long start-up and cool down 
times of SOFC systems. This restricts the use of SOFCs in applications that require 
rapid temperature fluctuations, which is particularly true for transport applications, 
where a rapid start-up and cool down is essential.  
These disadvantages are mainly related to the high operating tempeatures of SOFCs, 
and thus reducing the operating temperature of SOFCs may mitigate these 
disadvantages. Therefore, the development of low-temperature SOFCs is one of central 
tasks in the research community, and set to be the objective of this study. 
 
1.3 Previous work 
 
Conventional SOFCs with YSZ electrolytes are required to operate at high 
temperatures (~1000 °C) in order to have a good efficiency and high power density. 
However, high operating temperatures result in many problems such as electrode 
sintering, interface diffusion between electrolyte and electrodes, mechanical stress and 
high cost [41-43]. Therefore, it is desirable to lower the operating temperature to 
enhance the long-term performance stability and reduce the cost. 
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  At lower operating temperatures, interconnects, heat exchangers, and structural 
components may be fabricated from relatively inexpensive metal components. Lower 
operating temperatures would also decrease electrode sintering, minimize the interfacial 
diffusion between the electrolyte and the electrode, provide higher thermodynamic 
efficiency, higher Nernstian voltages, and enhance the durability and operational life of 
the cell [44-48]. However, low operating temperatures of SOFC result in the increase of 
electrolyte resistance and high electrode overpotential, which reduce the 
electrochemical performance of SOFCs. In order to lower the operating temperature of 
SOFCs while keeping their electrochemical performance, the following approaches are 
normally adopted [49-53]:  
(1) Applying alternative electrolyte materials that have higher ionic conductivity at 
lower temperatures 
Three materials, bismuth oxide, doped ceria and doped lanthanum gallate, are 
known to have a higher ionic conductivity than the YSZ electrolyte material at low 
temperatures (as shown in Fig. 1-3). Thus, the use of these materials will increase 
the conductivity of electrolyte and improve the electrical performance of SOFCs.  
However, at relatively high oxygen partial pressures, the most dominant problem 
for all the bismuth-based electrolytes is the reduction of Bi3+ to metallic Bi, which 
effectively destroys the electrolyte [54]. It is also unlikely that any bismuth-based 
electrolyte can be developed to withstand the reducing conditions in a SOFC. 
For La0.9Sr0.1Ga0.8Mg0.2O2.85 (LSGM) electrolyte, there are problems associated 
with the stability of certain compositions of LSGM. It has also proved difficult to 
prepare pure single phase electrolytes of LSGM and additional phase including 
La4Ga2O9 and SrLaGa3O7 have been detected at the grain boundaries [51,55], 
which raises doubts over the long term durability of SOFCs with LSGM 
electrolytes. In addition, the LSGM electrolyte is not chemical compatibility with 
Ni-based anode materials, and reacts with Ni to form LaNiO3 [56-58]. 
Gadolinia-doped ceria (GDC) offers excellent promise as a potential electrolyte 
for lower temperature SOFCs. Although GDC is more stable than bismuth oxide, in 
reducing conditions the ceria undergoes partial reduction to Ce3+, which introduces 
electronic conductivity [59]. The electronic conductivity acts as a short-circuit 
pathway through the electrolyte and significantly lowers the efficiency of the SOFC. 
But, below 700 °C, the degree of electronic conductivity is thought to be low 
enough to allow acceptable SOFC operation [60]. 
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Fig. 1-3. Specific conductivity versus reciprocal temperature for selected solid-oxide 
electrolytes [51]. 
 
(2) Reducing the thickness of electrolyte 
   By reducing the thickness of electrolyte layer the resistance of ions passing 
through electrolyte will be decreased, which also improves the electrical 
performance of SOFCs. When using a thin electrolyte film, the electrolyte can no 
longer mechanically support the cell, and one of the porous electrodes is used as the 
mechanically supporting component. For using as electrolyte, the thin electrolyte 
film must be gas-tight in order to separate the oxidant and fuel gases. Thus, the 
preparation of gas-tight electrolyte films on porous electrodes is more important. 
Various film deposition techniques have been developed to prepare gas-tight 
electrolyte films [61-69]. 
(3) Improving the electrochemical performance of electrodes  
      The electrode overpotential can be decreased by increasing the electrochemical 
performance of electrodes. To improve electrochemical performance of electrodes 
at low temperatures, alternative electrode materials have been applied in the SOFCs, 




Based on the above approaches, various researches have been done to develop 
intermediate-low temperature SOFCs. Fig. 1-4 shows the maximum power densities at 
different operating temperatures of YSZ-based and ceria-based SOFCs reported in the 
literatures [74-119]. The detail information on the component materials of single cells 
and preparation method of electrolyte layers can be found in the Appendix A. It can be 
seen that the maximum power density of SOFCs decreases obviously with lowering the 
operating temperatures. For YSZ-based SOFCs, the maximum power density is very 
lower at operating temperatures below 700 ºC. The use of ceria-based electrolyte 
improves obviously the electrical performance of SOFCs. At lower operating 
temperatures, the ceria-based SOFCs show higher maximum power density than the 
YSZ-based SOFCs. 

































Fig. 1-4. Maximum power densities at different operating temperatures of ceria-based 
and YSZ-based SOFCs reported in the literatures [74-119]. 
 
  At present, there are a few researches for GDC electrolyte SOFCs with electrical 
performance evaluation [114-119]. In these researches, there are some problems or 
limitations that need to be solved in order to further improve the electrical performance 
of SOFCs at low operating temperatures.  
(1) For anode 
The anodes, Ni-GDC cermets, are usually prepared by mechanical mixing method 
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where NiO and GDC powders are mixed and sintered to form Ni-GDC cermet, which 
results in a nonuniform distribution of Ni in the anodes. In addition, due to the use of 
large-size powder materials and high sintering temperature, the resulted grain size is 
relatively larger (≥1 µm). The nonuniform distribution of Ni and large grain size 
decrease the electrochemical performance of anode. To improve the electrochemical 
performance of anode, it is necessary to develop an anode with the microstructure of 
uniform phase distribution and smaller grain size. 
(2) For electrolyte 
  The thickness of the GDC electrolyte layer is usually larger than 10 µm, and there is 
no research on the electrical performance of SOFC with the GDC electrolyte layer of 
less than 10 µm. Therefore, further thinning of the GDC electrolyte layer is needed to 
investigate the effect of thickness of GDC electrolyte layer on electrical performance of 
SOFCs. In addition, in order to reduce the fabrication cost, a simple method needs to be 
developed to prepare GDC electrolyte thin films. 
(3) For cathode 
  The LSCF cathodes are usually sintered at temperature above 900 ºC, which results in 
large grain size (≥500 nm). The large grain size decreases the electrochemical 
performance of cathode. In order to improve the electrical performance of cathode, it is 
necessary to develop the cathode with the microstructure of nano-sized grains. 
 
1.4 Objective of this study 
 
In order to develop anode-supported SOFCs with high electrical performance at low 
operating temperatures, the following approaches are adopted in this study.  
(1) Improving microstructure of electrodes by nanopowders 
The electrical performance of anode-supported SOFCs can be increased by improving 
the microstructure of electrodes. The aim of improving the microstructure of electrodes 
is to increase length of electrode-electrolyte-gas triple phase boundary (TPB), where 
electrochemical reaction takes place. Thus, increasing the TPB length will increase the 
electrochemical reaction and improve the electrochemical performance of electrodes.  
  For anode, we will improve the microstructure of anode by applying NiO-GDC 
nanocomposite powders. The aim is to improve the distribution of Ni and GDC phases 
in the anode. Uniform distribution of Ni and GDC phases will increase the amount of 
effective TPB which is the site electrochemical reaction can take place and improve the 
electrochemical performance of the anode. In order to obtain the NiO-GDC 
nanocomposite powders, a simple precipitation method is used to synthesize the 
 12 
NiO-GDC nanocomposite powders. 
  For cathode, we will improve the microstructure of cathode by applying the LSCF 
nanoparticles. The aim is to decrease the grain size of LSCF in the LSCF cathode. The 
use of nanoparticles lowers the sintering temperature of LSCF cathode, which results in 
smaller grain size of LSCF and increase the amount of TPB. In order to synthesize 
LSCF nanoparticles, a citric acid gel combustion method is adopted to synthesize single 
phase LSCF nanoparticles at relative low temperature.  
(2) Preparing thin GDC electrolyte films 
For practical application in SOFC, a cell configuration with an electrolyte film 
supported on a porous anode substrate is much effective in lowering operating 
temperature while maintaining reasonable power density, in which the key is to prepare 
dense electrolyte films on porous substrates. In this study, we investigate the preparation 
of gas-tight GDC electrolyte thin films on porous NiO-GDC anode substrates by simple, 
rapid and cost-effective methods. Here, spray coating method, dry co-pressing method 
and spray dry co-pressing method are developed to prepare gas-tight GDC electrolyte 
thin films on porous NiO-GDC anode. 
In addition, though high quality electrolyte films have been prepared and high 
electrical performance has been reported, the effect of electrolyte thickness on the 
electrical performance of anode-supported SOFCs is not reported. Kawada et al. [120] 
and Williams et al. [121] calculated theoretically the effect of thickness of YSZ 
electrolyte and LSGM electrolyte on electrolyte efficiency. The calculated results are 
shown in Figs. 1-5 and 1-6. The optimum thickness of the YSZ electrolyte in current 
density range of 0.1-1 A/cm2 is 100 to 10 µm at 1000 ºC and 10 to 1 µm at 800 ºC. For 
LSGM electrolyte, increasing thickness shifts the exergetic peak to a higher temperature, 
but does not significantly affect the exergetic efficiency peak. These theoretical 
researches show that there is an optimum thickness for electrolyte film application. 
However, there has been no systematic experimental study on the effect of electrolyte 
thickness. In addition, there are many parameters that affect the power densities and 
open circuit voltages of anode-supported SOFCs. In particular, for ceria-based 
electrolyte, the effect of electronic conduction may increase with reducing the thickness 
of ceria-base electrolyte layer. Therefore, in this study the effect of thickness of GDC 
electrolyte films on the power densities and open circuit voltages of anode-supported 
SOFCs is also investigated.  
  By optimizing the thickness of GDC electrolyte layer and improving the 
microstructure of electrodes, anode-supported SOFCs with high electrical performance 












1.5 Organization of this thesis 
   
This thesis is divided into six chapters. The flow of this study is shown in Fig. 1-7. 
The introduction to fuel cells is given in chapter 1, followed by a literature review on 
SOFC. The objective of this study is also described in chapter 1. 
  In chapter 2, the synthesis of electrode powder materials is investigated. The anode 
powder materials, NiO-GDC nanocomposite powders, are synthesized by chemical 
precipitation method. The cathode powder materials, LSCF nanopowders, are 
synthesized by citric acid gel combustion method. 
In chapter 3, the preparation of GDC electrolyte films on porous NiO-GDC substrates 
is investigated. Three film techniques, dry co-pressing method, spray dry co-pressing 
method and spray coating method are developed to prepare GDC electrolyte films with 
different thickness. The microstructure and gas tightness of the prepared GDC 
electrolyte films are also examined. 
In chapter 4, the effect of electrode microstructure on electrical performance of 
anode-supported single cells is investigated. The Ni-GDC anodes are prepared using 
two types of NiO-GDC nanopowders: precipitated NiO-GDC powders and 
mechanically mixed NiO-GDC powders. The electrical performance of single cells with 
different anodes is compared and the effect of microstructure is discussed. The LSCF 
cathodes are prepared by sintering the LSCF nanopowders at different temperatures. 
The electrical performance of single cells with different cathodes is compared and the 
effect of microstructure is discussed. 
In chapter 5, the effect of thickness of GDC thin film on electrical performance of 
anode-supported single cells is investigated. The anode-supported single cells with 
GDC electrolyte films of different thickness prepared by the dry co-pressing method, 
spray dry co-pressing method and spray coating method. The electrical performance of 
anode-supported single cells is evaluated, and the effect of thickness of GDC electrolyte 
films on electrical performance is discussed in detail. 
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For application in solid oxide fuel cells (SOFCs), anode materials should have good 
electrochemical activity to oxidize fuels, high electronic conductivity, proper 
microstructure and good thermal expansion compatibility with other components of 
SOFCs [1-3]. A cermet consisting of Ni-metal and Y2O3-stabilized ZrO2 (Ni-YSZ) is 
widely used as an anode material in high temperature SOFCs, because of its good 
electronic conductivity, chemical and structural stability, catalytic properties and 
compatibility with other materials in SOFCs [4-8]. For low temperature SOFC 
application, however, the activity of Ni-YSZ anode is not high enough due to the low 
oxygen ion conductivity of YSZ at low temperatures. In addition, Ni-YSZ is not useful 
for operation in fuels with a high methane-to-steam ratio, because of its high activity for 
carbon formation as well as for the steam reforming reaction [9-12]. Thus, conventional 
anode Ni-YSZ may not be suitable to be used as anode of low temperature SOFCs.  
Gadolinium doped ceria (GDC) has higher ionic conductivity than YSZ over the 
temperature range of 300-700 ºC [13-15]. Ni-GDC is suggested to be the suitable anode 
for low-temperature SOFCs. In the Ni-GDC anode, Ni acts as the catalyst for the 
oxidation of fuel and provides electronic conductivity, while GDC mainly acts as a 
matrix to support the catalyst and prohibit the Ni from agglomeration under operating 
conditions. At the same time, the GDC is also used to extend Ni-GDC-gas tripe-phase 
boundary (TPB) into the anode [16,17]. The electrocatalytic activities of anodes for the 
hydrogen oxidation are directly related to the length of TPB [18-20]. Large TPB can be 
obtained from homogeneous and contiguous structure of pores, Ni and GDC fine grains. 
The performance of Ni-GDC cermet is critically dependent on the microstructure and 
the distribution of Ni and GDC phases in the cermet [21,22]. This in turn is closely 
related to the characteristics of NiO and GDC powders and the fabrication process.  
Anode materials were usually prepared by a mechanical mixing method [23,24], 
where separately prepared NiO and GDC powders were mixed and sintered to form 
Ni-GDC cermets. This method is simple and allows for accurate chemical composition, 
but it is difficult to achieve uniform distribution of elements in the anode, which may 
results in a nonhomogeneous microstructure and a poor electrical performance. In order 
to improve anode performance, it is necessary to develop NiO-GDC composite powders 
which have uniform distribution of elements. Some techniques such as solution 
combustion process [25,26], spray pyrolysis [27], polymeric organic complex solution 
method [28], buffer-solution method [29] and gel-precipitation method [30] have been 
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developed to directly synthesize NiO-YSZ composite powders. Up to now, however, 
little work has been done on the synthesis of NiO-GDC composite powders. V. Gil et al 
[31] reported a polymeric organic complex solution method to synthesize NiO-GDC 
composite powders. However, the synthesis process which contains four heat treatment 
processes with longer synthesis time is relatively complex and the synthesized 
composite powders have larger particle size (1.5±0.7 µm). Chemical precipitation 
method is a simple and promising process to prepare homogeneous and small-sized 
powder. In this chapter, the homogeneous NiO-GDC nanocomposite powders were 
synthesized by chemical precipitation method.  
For SOFC cathodes, strontium doped lanthanum manganate (La1-xSrxMnO3, LSM) is 
commonly used as cathode material in traditional high temperature solid oxide fuel cells 
(SOFCs) because of its high thermal and chemical stability, high electrochemical 
activity and relatively good compatibility with yttria-stabilized zirconia (YSZ) 
electrolyte [2,32,33]. However, with reducing operating temperature of SOFCs to 
500-700 ºC, the polarization loss of cathode increases significantly and becomes a 
major issue affecting the cell performance at low operating temperatures [34-36]. Thus, 
LSM is not suitable as cathode material for SOFCs operating in low temperature range 
due to its poor ionic conductivity and low electrochemical activity [37,38].  
To reduce the polarization resistance in the cathode, it is necessary to develop 
alternative cathode materials with high ionic-electronic conductivity and high catalytic 
activity at low temperatures. Mixed ionic-electronic conductor La1-xSrxCo1-yFeyO3-δ 
(LSCF) is an attractive material to replace conventional LSM as a cathode material for 
intermediate-low temperature SOFCs due to its excellent ionic-electronic conductivity 
and high catalytic activity for the oxygen reduction reaction [39,40]. Lai et al. reported 
that the conductivity of the LSCF exceeded 300 S/cm in the temperature range of 
600-800 °C [41]. Jiang compared the O2 reduction reactions on porous LSM and LSCF 
electrodes, and showed that LSCF had superior oxygen reduction reaction kinetics 
compared to LSM [42].   
However, LSCF has an incompatible thermal expansion coefficient (TEC) with YSZ, 
which will lead to degradation of microstructure and affect the long-term performance 
stability of single cells. In addition, at high sintering temperatures, chemical reactions 
between the LSCF cathode and YSZ electrolyte result in the formation of insulating 
La2Zr2O7 and SrZrO3 phases [43-46]. The insulating phases will lead to the degradation 
of the cathode and decrease the electrical performance of single cell. The chemical 
compatibility between the electrolyte and cathode is an important factor to successfully 
operate the SOFC. Thus, it should be ensured that no reactions occur at the interface of 
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cathode and electrolyte.  
When the co-sintering temperatures of the YSZ electrolytes with the LSCF cathodes 
are below 900 °C, there are no reactions between the two and the LSCF cathodes are 
expected to directly utilize on thin YSZ electrolytes for SOFC operating at temperatures 
of below 900 °C [47,48]. To lower the sintering temperature of LSCF cathode, it is 
necessary to synthesize nanosized LSCF powders, which have high sintering ability and 
can lower the required sintering temperature. In addition, there are also no reactions 
occurred between LSCF material and CeO2 based material [49,50]. CeO2 based 
materials are often used as interlayer between YSZ electrolyte and LSCF cathode to 
prevent the solid state reactions occurring [51-53]. Therefore, Sm and Gd doped CeO2 
(SDC and GDC, respectively) are the preferred electrolytes for use with LSCF cathodes 
[44,54]. The combination of SDC or GDC with LSCF results in rapid oxygen reduction 
reaction kinetics, as well as good match of the thermal expansivity of the cathode and 
electrolyte [42,55].  
The polarization loss of LSCF cathode can be decreased by increasing the 
electrochemical performance of LSCF cathode. The electrochemical performance of 
LSCF cathode depends on the powder preparation and resulting microstructure. Small 
particle size and high surface area are very important in application for the LSCF 
cathode materials. Usually, LSCF powders are prepared by solid state reaction method, 
where oxides of La, Sr, Co and Fe are mixed directly and followed by solid state 
reaction at relatively high temperatures (>1200 ºC) [56,57]. Although it is very simple, 
this process presents several serious drawbacks, such as high reaction temperature, large 
particle sizes, low surface area, limited degree of chemical homogeneity and low 
sintering ability. Nanopowders normally have high sintering ability which can lower 
sintering temperature for densification, and also have high surface areas which are more 
favorable for gas-solid phase reactions. Use of nanopowders is attempted to improve the 
electrochemical performance of LSCF cathode. 
Various preparation methods for nanopowder synthesis, including citrate-EDTA 
method [58], glycine-nitrate method [59,60], co-precipitation method [60,61], complex 
polymeric precursor method [62] hydrothermal method [63], sol-gel method [64,65] and 
sol-gel combustion method [66-68] have been extensively developed. Among the 
various wet-chemical methods, the sol–gel combustion process has emerged as an 
attracting technique for the production of high purity, ultrafine and homogeneous oxide 
powders at significantly lower temperatures [66-68]. This method is based on the 
gelling of an aqueous nitrate solution containing the desired metal cations and organic 
compounds (such as alanine, glycine, citric acid, etc.), and subsequent combustion of 
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the gels due to exothermic redox reaction between the organics and the nitrate cations 
[66]. In this study, LSCF nanopowders were synthesized by modified citric acid gel 




2.2.1 Synthesis of NiO-GDC powders 
 
The NiO-Ce0.9Gd0.1O1.95 (NiO-GDC) powders (NiO:GDC=60:40 mass%) were 
synthesized by the following three methods. 
Method 1: hydroxide precipitation method. The starting materials used in the 
synthesis of NiO-GDC nanocomposite powders were Ce(NO3)3·6H2O (Kanto Chemical 
Co., 99.99%), Gd(NO3)3·6H2O (Kanto Chemical Co., 99.95%) and Ni(NO3)2·6H2O 
(Kanto Chemical Co., 99.95%). NH3·H2O (Kanto Chemical Co., 97.0%) and NaOH 
(Kanto Chemical Co., 97.0%) were used as precipitation agents. The appropriate 
amount of Ce(NO3)3·6H2O (9.03g), Gd(NO3)3·6H2O (1.04g) and Ni(NO3)2·6H2O 
(23.35g) (see Appendix B) were dissolved into distilled water, and continuously stirred 
to obtain a homogenous solution. Ammonia solution was then added dropwise to the 
above solution to form precipitate with stirring until the pH of 7 was reached. And then, 
NaOH solution was added to form complete precipitation of aqueous cations until the 
pH of 13 was reached. The precipitate was then washed with distilled water for several 
times. After washing, the precipitate was dried at 60 °C, and calcined at 200-800 °C for 
1 h to form NiO-GDC nanocomposite powders.  
Method 2: hydroxide co-precipitation method. The appropriate amount of 
Ce(NO3)3·6H2O (9.03g), Gd(NO3)3·6H2O (1.04g) and Ni(NO3)2·6H2O (23.35g) were 
dissolved into distilled water, and continuously stirred to obtain a homogenous solution. 
The homogenous solution was then added dropwise to NaOH solution containing 
ammonia of 3 mol% to form precipitate with stirring. And then, the precipitate was then 
washed with distilled water for several times. After washing, the precipitate was dried at 
60 °C, and calcined at 200-800 °C for 1 h to form NiO-GDC nanocomposite powders. 
Method 3: mechanical mixing method. For comparison, the NiO-GDC powders were 
also prepared by mechanical mixing method. The Ce0.9Gd0.1O1.95 (GDC) nanopowders 
with average particle size of 44 nm (Anan Kasei Co. Ltd., Japan) and NiO nanopowders 
with average particle size of 50 nm (Kanto Chemical Co., Japan) were mixed in the 




2.2.2 Synthesis of LSCF powders  
 
La0.8Sr0.2Co0.8Fe0.2O3 (LSCF) nanopowders were synthesized by the citric acid gel 
combustion method. Stoichiometric amount of chemical pure La(NO3)3·6H2O (8.66g), 
Sr(NO3)2 (1.06g), Co(NO3)3·6H2O (5.82g), and Fe(NO3)3·9H2O (2.02g) (see Appendix 
B) as metal sources were dissolved into distilled water to form a homogenous aqueous 
solution. Citric acid monohydrate C6H8O7·H2O as a chelating agent and combustion 
trigger was then introduced to the aqueous solution to form a homogenous solution, 
wherein the mole ratio of citric acid to metal ions is 1:1. And then, the solution was 
heated using a stirring hot plate to vapor water in the solution. After water vaporizing, 
brown-red gel was obtained. Combustion of the citrate gel was subsequently performed 
in a glass beaker on a hot plate. Heating at 400 ºC caused the viscous gel to autoignite, 
resulting in rapid and self-sustaining combustion. After combustion, the resultant black 
ash was collected and calcined in air at 500-1100 °C for 2 h to remove the carbon 
residue and to form LSCF phase of perovskite structure.  
For comparison, the LSCF powders were also prepared by a conventional solid state 
reaction method. Stoichiometric amount of La2O3 (6.52g), SrO (1.04g), Co2O3 (3.32g), 
and Fe2O3 (0.80g) (see Appendix B) were mixed and calcined at 1250 ºC for 5 h to form 
LSCF powders. 
 
2.2.3 Characterization  
 
Thermogravimetric analysis and differential thermal analysis (TG/DTA) of the dried 
precursor was made on a TG-DTA analyzer (Thermplus 8120, Rigaku Co., Japan) in air 
with a heating rate of 10 ºC/min, using alumina cup as the sample container and 
alpha-alumina as the reference. 
Phase identification of the synthesized powders was performed by X-ray diffraction 
(XRD, MX21, Mac Science, Japan) operating with a voltage of 40 kV and current of 40 
mA using CuKα radiation (λ=1.5406 Å). The crystallite size of the synthesized powders 





=D                          (2.1)                                                                     
where D is the crystallite size, λ the wavelength of the radiation, θ the diffraction angle, 
and β the full width at half-maximum (FWHM) measured in 2θ and expressed in 
radians. 
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The morphology and particle sizes of the synthesized NiO-GDC powders were 
examined by transmission electron microscopy (TEM, HF-2000, Hitachi, Japan). For 
TEM analysis, the NiO-GDC powders were dispersed in ethanol and ultrasonicated for 
15 min. Samples were prepared by dropping a small amount of the suspension on a 
copper grid coated with a thin amorphous carbon film. The particle size distributions 
were calculated from TEM micrographs by measuring approximately 200 particles. 
In order to examine element distribution of the synthesized NiO-GDC powders, the 
NiO-GDC powders were pressed at 200 MPa to form 10 mm green disks. The disks 
were then sintered in air at 1300 ºC for 2 h. The microstructure and element distribution 
of the sintered disks were observed by field-emission scanning electron microscopy 
with energy dispersive analysis of X-ray (FE-SEM/EDX, S-4300, Hitachi, Japan).  
The morphology of the synthesized LSCF powders was observed by FE-SEM. The 
specific surface area of the synthesized LSCF powders is characterized by 
Brunauer-Emmett-Teller (BET) method. 
 
2.3 Results and discussion 
 
2.3.1 Characteristics of NiO-GDC powders 
 
Fig. 2-1 shows the TG/DTA analysis of the as-prepared powders synthesized by the 
precipitation method and co-precipitation method. The total weight loss up to 600 ºC is 
about 16.73 % for the as-prepared powders synthesized by precipitation method (as 
shown in Fig. 2-1 A). The weight loss of about 3.51 % at 25-220 °C is attributed to the 
removal of superficial water in the powder. The weight loss of about 13.22 % at 
220-600 °C corresponds to the transition of Ni(OH)2 to NiO, which is accompanied by 
the endothermic peak at 284.8 °C. In contrast, the total weight loss up to 600 ºC is about 
22.29 % for the as-prepared powders synthesized by co-precipitation method (as shown 
in Fig. 2-1 B). The weight loss of about 8.77 % at 25-220 °C is attributed to the removal 
of superficial water in the powder. The weight loss of about 13.52 % at 220-600 °C 
corresponds to the transition of Ni(OH)2 to NiO, which is accompanied by the 
endothermic peak at 279.1 °C. The as-prepared powders synthesized by precipitation 
method and co-precipitation method have similar thermal behavior and different weight 
loss. Almost no weight loss was observed above 600 °C, implying only the presence of 
NiO and GDC, which was further confirmed by XRD measurements. 
Fig. 2-2 shows the XRD patterns of the NiO-GDC powders synthesized at different 
temperatures by the precipitation method and co-precipitation method. It is noted that 
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there are crystal phase peaks of Ni(OH)2 and Ce0.9Gd0.1O1.95 (GDC) in the XRD pattern 
of the as-prepared powders synthesized by the precipitation method and co-precipitation 
method, which means that the as-prepared powders are crystal. However, the 
crystallinity of the as-prepared powders is different. The as-prepared powders 
synthesized by the precipitation method have higher crystallinity and the as-prepared 
powders synthesized by the co-precipitation method have low crystallinity (broader 
peak). The as-prepared powders synthesized by the precipitation method maybe contain 
some separated CeO2 and Gd2O3 crystal phases, but it is difficult to identify these 
crystal phases. The presence of the Ni(OH)2 crystal phase is unaffected at the early 
stages of the heating process. For the powders synthesized by the two methods, the 
Ni(OH)2 crystal phase begins to convert to NiO crystal phase at approximately 200 °C, 
and the transition from hydroxide to oxide is completed by 300 °C. At calcination 
temperature above 300 °C, the powders synthesized by the two methods have the same 
final crystal phases: NiO and GDC. This means that the NiO-GDC nanocomposite 





















































(A) Precipitation method 










































(B) Co-precipitation method 
 
Fig. 2-1. TG/DTA curves of the as-prepared powders synthesized by the precipitation 
method and co-precipitation method. 
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(A) Precipitation method 

























(B) Co-precipitation method 
 
Fig. 2-2. XRD patterns of the NiO-GDC powders synthesized at different temperatures 
by the precipitation method and co-precipitation method. 
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Diffraction peaks of GDC and NiO crystal phases become sharper and more intense 
with an increase in the calcination temperature, which indicates a growth in the 
crystallite size. The crystallite size of GDC and NiO crystal phases was calculated from 
XRD lines broadening analysis according to the Scherrer equation. Fig. 2-3 shows the 
crystallite size of NiO and GDC crystal phases in the NiO-GDC powders synthesized at 
different temperatures by the precipitation method and co-precipitation method. The 
crystallite sizes of NiO and GDC crystal phases increase with an increase in the 
calcination temperature. It is also noted that the crystallite size of NiO is larger than that 
of GDC at the same calcination temperature. This suggests that the NiO crystallites 
grow more quickly than GDC. In addition, it can be seen that the crystallite sizes of NiO 
and GDC crystal phases in the powders synthesized by the co-precipitation method are 
smaller than that in the powders synthesized by the precipitation method. 
Figs. 2-4 and 2-5 show the TEM micrographs and particle size distribution of the 
NiO-GDC powders synthesized at different temperatures by the precipitation method 
and co-precipitation method. It can be seen that the NiO-GDC powders synthesized at 
600 °C consist of many small particles and the NiO-GDC powders synthesized at 800 
°C consist of many smaller particles and some bigger particles. The particle size 
increased with increasing the calcination temperature. This shows that the particles 
grow more quickly at high temperature, which agrees with the results of XRD analysis.  
The average particle size of the NiO-GDC powders synthesized by the precipitation 
method is 16.1 and 36.3 nm at 600 and 800 °C, respectively. The average particle size of 
the NiO-GDC powders synthesized by the co-precipitation method is 13.3 and 23.4 nm 
at 600 and 800 °C, respectively. The particle size distribution of the NiO-GDC powders 
becomes wider with an increase in the calcination temperature. The NiO-GDC powders 
synthesized by the co-precipitation method have smaller average particle size and 
narrower particle size distribution than the NiO-GDC powders synthesized by the 
precipitation method.  
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(B) Co-precipitation method 
 
Fig. 2-3. Crystallite size of NiO and GDC phases in the NiO-GDC powders synthesized 





Fig. 2-4. TEM micrographs and particle size distribution of the NiO-GDC powders 
synthesized at different temperatures by the precipitation method. Dave is the average 
particle size. 
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Fig. 2-5. TEM micrographs and particle size distribution of the NiO-GDC powders 
synthesized at different temperatures by the co-precipitation method. Dave is the average 
particle size. 
 
2.3.2 Element distribution in the NiO-GDC disks 
 
  In order to investigate the distribution of NiO and GDC phases in the NiO-GDC 
powders, the EDX mapping analysis of sintered disks was performed. Figs. 2-6, 2-7 and 
2-8 show the EDX mapping analysis of the NiO-GDC disks prepared by the mechanical 
mixing method, precipitation method and co-precipitation method. It can be seen that 
the NiO-GDC disk prepared by the mechanical mixing method shows nonuniform 
distribution of Ni and Ce. In contrast, the NiO-GDC disks prepared by the precipitation  
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Fig. 2-8. EDX mapping analysis of the NiO-GDC disk prepared by the co-precipitation 
method. 
Ni map Ce map SEM image 
Ni map Ce map SEM image 
Ni map Ce map SEM image 
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method and co-precipitation method show more uniform distribution of Ni and Ce. This 
means that the NiO-GDC powders synthesized by the precipitation method and 
co-precipitation method have uniform phase distribution of NiO and GDC. Compared 
with the NiO-GDC disk prepared by the precipitation method, the NiO-GDC disk 
prepared by the co-precipitation method shows more uniform distribution of Ni and Ce.  
In this study, the electrical performance of anode-supported single cells with the 
Ni-GDC anodes prepared from the NiO-GDC powders synthesized by the precipitation 
method and mechanical mixing method has been evaluated. The effect of the two types 
of NiO-GDC powders on electrical performance of anode-supported SOFCs has been 
compared. However, the electrical performance of anode-supported single cells with the 
Ni-GDC anodes prepared from the NiO-GDC powders synthesized by the 
co-precipitation method has not been evaluated yet. Therefore, the NiO-GDC powders 
synthesized by the co-precipitation method are not further compared with the NiO-GDC 
powders synthesized by the precipitation method and mechanical mixing method. Thus, 
in this study, the evaluation of electrical performance is based on the NiO-GDC 
powders synthesized by the precipitation method. The electrical performance of 
anode-supported SOFCs with the anode prepared from the NiO-GDC powders 
synthesized by the co-precipitation method will be pursued in the future. 
The chemical precipitation method is a good method to synthesize composite 
nanopowders, and has also been used to synthesize other composite nanopowders, such 
as NiO-SDC nanocomposite powders (see Appendix C). In addition, using oxalic acid 
as precipitation agent, the NiO-GDC nanocomposite powders have also been 
synthesized by this method (see Appendix D). 
 
2.3.3 Characteristics of LSCF powders 
 
Fig. 2-9 shows the TG and DTA curves of the citrate gel precursor. The total weight 
loss from room temperature to 1000 °C is about 80.14 %. The weight loss of about 
62.43 % is observed up to 400 °C, accompanied by the exothermic peak at 246.9 °C in 
the DTA curve, which corresponds to the combustion of inorganic and organic 
constituents of the gel precursor. The weight loss of about 17.71 % at 400-600 °C 
corresponds to the decomposition of metal citrates, which is accompanied by the 
exothermic peak at 482.6 °C. Almost no weight loss is observed above 600 °C, 
implying only the presence of LSCF, which is further confirmed by XRD 
measurements. 
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The XRD patterns of the LSCF powders synthesized at various temperatures by the 
citric acid gel combustion method are shown in Fig. 2-10. In the as-prepared powders 
and the powders calcined at 500 °C, no crystal phase is observed, which indicates that 
the powders are still amorphous and no crystal phase can be formed at the calcination 
temperature below 500 °C. With increasing the calcination temperature, the LSCF 
crystal phase is formed. At temperature above 700 °C, a single crystalline phase LSCF 
is obtained without any other noticeable impurity phase. This means that the single 
phase LSCF can be synthesized at 700 °C. 
The LSCF powders are also synthesized at 1250 °C by the solid state reaction method 
(as shown in Fig. 2-11). However, there are impurity phases observed in the LSCF 
powders. The impurity phases will affect the performance of LSCF cathode. The 
presence of impurity in LSCF has been reported previously by other researchers. Florio 
et al. [62] showed that a small amount of Co3O4 existed in the LSCF powders, which 
were synthesized using a complex polymeric precursor method at 1100 °C. Hansen et al. 
[69] reported the impurity in the LSCF powders calcined at 1100 °C by glycine nitrate 
method. Compared to the above researches, the synthesis temperature of the citric acid 
gel combustion method is relatively lower. The single-phase LSCF nanopowders are 
obtained at 700 °C by the citric acid gel combustion method.  
 










































Fig. 2-9. TG and DTA curves of the citrate gel precursor. 
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Fig. 2-10. XRD patterns of the LSCF powders synthesized at different temperatures by 
the citric acid gel combustion method. 




















With increasing the calcination temperature, diffraction peaks became sharper with an 
increase in intensity. This suggests a gradual growth in the crystallite size with an 
increase in crystallinity of LSCF powders. The average crystallite size of LSCF 
calculated according to the Scherrer equation is 19.3, 28.9 and 36.1 nm at 700, 900 and 
1100 °C, respectively.  
The SEM micrographs of the LSCF powders synthesized at various temperatures by 
the citric acid gel combustion method are shown in Fig. 2-12. It can be seen that the 
LSCF powders synthesized at 700 °C are composed mainly of spherical primary 
particles with a nanometric size, and some weakly agglomerated particles are formed. 
As the calcination temperature is increased up to 900 °C, the sintering between the 
weakly agglomerated particles proceed, producing dense agglomerated LSCF particles. 
The sintering between particles is very obvious for the LSCF powders synthesized at 
1100 °C. The average particle size is estimated by measuring more than 100 particles 
selected from the SEM micrographs and is shown in Fig. 2-13. It can be seen that the 
average particle size of LSCF increases quickly with an increase in the calcination 
temperature. The average particle size of LSCF is less than 30 nm at 700 °C, and 
increases quickly to 320 nm at 1100 °C. The specific surface area of LSCF powders 
decreases with an increase in the calcination temperature, and the LSCF powder 
calcined at 700 °C shows the highest specific surface area (as shown in Fig. 2-14). 
Compared with the LSCF powders synthesized by the solid state reaction method, the 
LSCF powders synthesized by the citric acid gel combustion method have smaller 
particle size and larger specific surface area (as shown in Table 2-1). The particle size of 
LSCF powders synthesized by the citric acid gel combustion method is also smaller 
than that of the LSCF powders (530 nm) synthesized by the citrate method [70]. 
In general, smaller particles will result in a longer triple phase boundary (TPB) length. 
The use of the LSCF powders with smaller particle size and larger specific surface area 
may result in high specific surface area and large TPB length of electrode, which 
decreases the polarization loss and improve the performance of cathode. In addition, the 
particle size of the powders is a very important parameter affecting the sinterability of 
the green compacts. Therefore, such a fine particle size is expected to obtain good 
sintering at low temperature. Thus, the LSCF powders synthesized by the solid state 
reaction method have not been researched for the electrical performance due to the 
impurity phase and large particle size. The LSCF powders synthesized at 700 °C by the 
citric acid gel combustion method will be used to investigate the electrical performance 




Fig. 2-12. SEM micrographs of the LSCF powders synthesized at different temperatures 
by the citric acid gel combustion method. 
(A) 700 °C 
(B) 900 °C 
(C) 1100 °C 
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Fig. 2-13. Average particle size of the LSCF powders synthesized at different 
temperatures by the citric acid gel combustion method. 



























Fig. 2-14. Specific surface area of the LSCF powders synthesized at different 
temperatures by the citric acid gel combustion method. 
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Table 2-1. The characteristics of the LSCF powders synthesized by the citric acid gel 
combustion method and solid state reaction method. 
Synthesis method 
Average particle size 
of LSCF (nm) 
Specific surface area of 
LSCF (m2/g) 
Citric acid gel combustion 
method (700 ºC) 
28 25.6 






Homogenous NiO-GDC nanocomposite powders with average particle size in the 
range of 10-40 nm have been successfully synthesized by chemical precipitation method. 
The synthesized NiO-GDC nanocomposite powders show uniform distribution of NiO 
and GDC in nano-scale. The NiO-GDC nanocomposite powders can be synthesized at 
relatively low temperatures (≥300 °C), which is helpful to synthesize nanocomposite 
powders with smaller particle size and narrower particle size distribution. 
The LSCF nanopowders with single perovskite phases have been successfully 
synthesized by citric acid gel combustion method. The LSCF powders synthesized at 
700 ºC have an average particle size of less than 30 nm and high specific surface area of 
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Reducing operation temperature of solid oxide fuel cells (SOFCs) down to the range 
of 500-700 ºC will improve long term performance stability, widen the material 
selection, and allow quick start-up. It will also lead to reductions in electrode sintering 
and interfacial diffusion between electrolyte and electrode, and a reduction in the 
thermal stress of the active ceramic structures, leading to a longer expected lifetime of 
the system [1-3]. Therefore, low-temperature SOFCs have attracted many attentions.  
However, oxygen ionic conductivity of the electrolyte drops significantly with the 
reduction in the operating temperature, which results in high ohmic loss. Ohmic losses 
across the electrolyte can be minimized in two ways: one is the use of high ionic 
conductivity materials such as Gd doped ceria (GDC); the other is the reduction of 
electrolyte thickness [4-8]. 
To reduce the operating temperature of SOFCs, an effective approach is to reduce the 
thickness of the electrolyte. For practical application in SOFCs, a cell configuration 
with a thin film electrolyte supported on a porous anode substrate is very effective in 
reducing the operating temperature while maintaining reasonable power density, in 
which the key is to develop proper techniques to prepare dense electrolyte thin films. 
The presence of open pores and cracks in the electrolyte film will affect the electrical 
performance of SOFCs. During the practical operation, the fuels can directly combust to 
form heat and products by the pores or cracks, which will decrease the electrical 
performance and efficiency of SOFCs. Therefore, the preparation of gas-tight 
electrolyte films on porous anode substrates is very important.  
Various film deposition techniques have been explored for the preparation of 
electrolyte films, including chemical vapor deposition (CVD) [9-16], pulsed laser 
deposition (PLD) [17-26], sputtering deposition [27-38], spin coating [39-51], tape 
casting [52-65], dip coating [66-78], screen printing [79-91], electrophoretic deposition 
(EPD) [92-105], spray deposition [106-118] and so on. Each method has its advantages 
and disadvantages. These methods mainly differ in deposition rates, substrate 
temperature during deposition, precursor materials, necessary equipment, expenditure 
and the quality of the resulting films. The comparison of these methods is shown in 
Table 3-1.  
In order to reduce the fabrication cost, simple and cost-effective techniques need to 
be developed to prepare electrolyte films. Compared with physical or chemical vapor 
deposition or other extensively studied methods for film preparation, dry pressing is 
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simple, reproducible, and very cost-effective. This technique has been widely used in 
laboratory and industry to make thick samples. Here, this technique is used to prepare 
electrolyte films on porous substrates by improving the powder addition method and 
applying nanopowders. In addition, spray coating deposition is also a simple and 
cost-effective technique, and can be used to prepare uniform and large area thin films on 
various substrates of practically any shape and size. This method usually applys a high 
electric field to the solution surface at the spray nozzle and uses the solution of metal 
nitrates to deposit a thin film on a heated substrate. Cracks and porous microstructure 
are often formed in the thin film. Here, a simple spray coating technique is used to 
prepared electrolyte thin films on porous substrates without applying high electric field 
and heated substrate. 
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  In this study, a modified dry co-pressing method is used to prepare thicker electrolyte 
films on porous anode substrates, and spray coating method is used to prepare thinner 
electrolyte films. In addition, a new method, spray & dry co-pressing method which 
based on dry pressing and powder spray coating processes, is developed to prepare 
dense electrolyte thin films on porous anode substrates. The spray & dry co-pressing 
method is a very simple and cost-effective method for preparing dense thin films. It 
offers a potential route for electrolyte thin film preparation, and makes the process very 




3.2.1 Starting materials 
 
In order to lower sintering temperature and improve electrical performance of single 
cells, nanopowders were adopted to fabricate anode-supported SOFCs. Gd0.1Ce0.9O1.95 
(GDC) nanopowders (Anan Kasei Co. Ltd., Japan) were used as electrolyte material. 
The GDC nanopowders have an average primary particle size of 44 nm. NiO-GDC 
nanocomposite powders synthesized by chemical precipitation method (as shown in 
chapter 2) were used as anode material.  
 
3.2.2 Preparation of GDC thin films   
 
3.2.2.1 Preparation of GDC thin films by dry co-pressing method 
 
The anode-supported GDC thin films were fabricated by a modified dry co-pressing 
process (as shown in Fig. 3-1). To prepare thin GDC films by this method, small amount 
of GDC nanopowders were needed to cover the surface of substrate. Thus, the key of 
the process is the addition of the GDC nanopowders. In this study, in order to add 
uniformly the GDC nanopowders onto the surface of substrate, a sieve was adopted to 
disperse GDC nanopowders onto substrate. First, the NiO-GDC nanocomposite 
powders were pressed uniaxially at 20 MPa in a steel die of 20 mm diameter to form 
green NiO-GDC substrate. The GDC nanopowders were then dispersed uniformly by 
the sieve onto the pre-pressed green NiO-GDC substrate which was still contained in 
the steel die. And then, the GDC nanopowders and NiO-GDC substrate were co-pressed 
at 100 MPa to form a green bilayer and subsequently co-sintered at 1300 ºC for 5 h to 
obtain a dense GDC electrolyte film. The thickness of GDC thin films can be controlled 
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with the additive amount of GDC nanopowders.  
 
 
Fig. 3-1. Schematic diagram of the dry co-pressing method. 
 
3.2.2.2 Preparation of GDC thin films by spray coating method 
 
In order to prepare thinner GDC thin films, the spray coating method was developed. 
Fig. 3-2 shows the schematic diagram of the spray coating method. In this study, 
pressurized gas rather than application of a high electric field was adopted to form fine 
aerosol of liquid precursor solution. In addition, the substrates were not heated, and the 
spray coating was performed at a room temperature. The spray coating method involves 
several important steps: preparation of substrate, preparation of sol, spray-coating of sol, 
and sintering.  
NiO-GDC porous substrates were firstly prepared before preparing GDC thin films. 
The NiO-GDC nanocomposite powders were pressed into disks (20 mm in diameter, 1 
mm in thickness) using a uniaxial pressure and pre-sintered at 1000 °C for 1 h to 
provide strength for the anode substrates.  
GDC sol was prepared by a novel sol process. The raw materials used in the 
preparation of GDC sol were Ce(NO3)3·6H2O (Kanto Chemical, 99.99%) and 
Gd(NO3)3·6H2O (Kanto Chemical, 99.95%). The appropriate amount of Ce(NO3)3·6H2O 
(9.03g) and Gd(NO3)3·6H2O (1.04g) was dissolved in distilled water, and stirred to form 
a homogeneous solution. Ammonia solution was then added dropwise to the 
homogeneous solution with stirring to form precipitate until the pH value of 9-10 was 
reached. And then, the precipitate was washed with distilled water and ethanol for 







containing nitric acid to obtain a H+:Ce3+ ratio of 0.5. Finally, the dispersion was 




Fig. 3-2. Schematic diagram of the spray coating method. 
 
To prepare GDC thin films, the GDC sol was placed into a spray gun with a 
continuous supply of high pressure air (0.2 MPa), and sprayed onto the NiO-GDC 
substrates which were washed with isopropyl alcohol. The process parameters of the 
spray coating, such as stand-off distance, sol flow velocity, and traveling speed of the 
motion system, were optimized by conducting preliminary tests using a dense substrate 
(silicon wafer). By changing one parameter and observing the resulted films (coating 
uniformity, thickness uniformity and so on), the optimized parameters were obtained: 
stand-off distance of 10-12 cm, sol flow velocity of 40-50 ml/min, and traveling speed 
of the motion system of 10-15 cm/s. The wet coating layer was then naturally dried. 
After multiple coatings, the green film and substrate were co-sintered at 1100 °C for 2 h. 
The spray-coating and sintering process were repeated several times in order to 
eliminate defects (cracks and pores) and increase the thickness of GDC thin film.  
 
3.2.2.3 Preparation of GDC thin films by spray & dry co-pressing method 
 
In order to improve the quality of GDC thin films, spray & dry co-pressing method 
was developed to prepare GDC thin films on porous NiO-GDC substrates (as shown in 
Fig. 3-3). The spray & dry co-pressing process includes five steps: preparing suspension, 
Pressurized air 





dry-pressing green substrate, spraying suspension onto green substrate, dry-pressing 
green bilayer of film and substrate, and sintering. To prepare GDC electrolyte layer, 
GDC nanopowders were dispersed uniformly into methanol by ultrasonic dispersion to 
form GDC suspension. The solid content of the GDC suspension was 5 mass%. The 
NiO-GDC nanocomposite powders were then pressed uniaxially at 60 MPa in a steel die 
of 20 mm diameter to form green anode substrate. And then, the GDC suspension was 
sprayed onto the green NiO-GDC substrate which was contained in the steel die. The 
wet coating layer was then naturally dried. After multiple coatings, the GDC powder 
layer and NiO-GDC substrate were then co-pressed at 100 MPa to form a green bilayer 
and subsequently co-sintered at 1300 ºC for 5 h to obtain dense GDC thin film. The 





Fig. 3-3. Schematic diagram of the spray & dry co-pressing method. 
 
3.2.3 Characterization of GDC thin films 
 
Microstructure of the prepared GDC thin films was examined by a field-emission 
scanning electron microscopy (FE-SEM, S4300, Hitachi, Japan). The thickness of the 
prepared GDC thin films was measured from SEM micrographs. SEM micrographs 
were also used to determine the area of pores in the GDC thin films and to estimate 







relative density of the prepared GDC thin films. 
In order to evaluate the gas tightness of the prepared GDC thin films, helium gas 
permeability test was performed by means of a permeation system shown in Fig. 3-4. 
The permeation system consisted of a permeation cell for holding the film sample, a 
pressure control valve, a helium tank and a big beaker with H2O. During performing 
permeation experiments, the thin film sample, which was reduced at 600 ºC in hydrogen, 
was installed in the permeation cell with the GDC thin film contacting helium gas (as 
shown in Fig. 3-2). The helium gas was then introduced onto the GDC thin film and gas 
pressure was controlled at 0.2-0.3 MPa. At every pressure point, the permeation test was 
performed for 2 h to observe if there was air bubble formed. The gas tightness of the 





Fig. 3- 4. Schematic diagram of gas permeation measurement system. 
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3.3 Results and discussion  
 
3.3.1 Microstructure of GDC thin films 
 
3.3.1.1 Microstructure of GDC thin films prepared by dry co-pressing method  
 
Fig. 3-5 shows the surface and cross-sectional SEM micrographs of the GDC thin 
film prepared on porous NiO-GDC substrate by the dry co-pressing method. There are 
no cracks and pinholes observed in the surface (Fig. 3-5 A), indicating that the GDC 
thin film is dense. The grain size of GDC is in the range of 0.3-1.5 µm. It can be seen 
that the GDC thin film has relatively uniform thickness and is well adhered to the 
porous NiO-GDC anode substrate (Fig. 3-5 B). The open porosity of the NiO-GDC 
substrate is about 23%, which was measured using the standard Archimedes method. 
The thickness of the GDC thin film is about 20 µm. There are no connecting pores from 
the GDC film surface to the film/substrate interface and cracks observed in the cross 
section except a few closed pores. The surface and cross-sectional views show that 
dense and crack-free GDC thin film has been successfully prepared on porous 
NiO-GDC anode substrate by the dry co-pressing process.  
A principle advantage of the dry co-pressing process is that it provides one-step film 
preparation without repeated coating and sintering; the thickness of the GDC thin films 
can be easily controlled by changing the additive amount of the GDC nanopowders. Fig. 
3-6 shows the relation of the thickness of GDC thin films and additive amount of GDC 
nanopowders. It can be seen that the thickness of GDC thin films increases linearly with 
an increase in the additive amount of GDC nanopowders. In this study, GDC thin films 
with the thickness of 5-75 µm are successfully prepared on the porous NiO-GDC anode 
substrates by the dry co-pressing process. Fig. 3-7 shows the cross-sectional SEM 
micrographs of the GDC thin films with different thickness. The thickness of the GDC 
thin films is 5, 16, 30 and 75 µm, respectively. All the GDC thin films exhibit dense 
structures without obvious cracks and connecting pores and are well adhered to the 
porous Ni-GDC substrates. The open porosity of the Ni-GDC substrate is 32%, which 







    (B) Cross-section 
                              
Fig. 3-5. Surface and cross-sectional SEM micrographs of the GDC thin film prepared 
by the dry co-pressing process. 
 
It is easy to prepare thick GDC electrolyte films on porous substrates by the dry 
co-pressing process. The thick GDC electrolyte films have uniform thickness (Fig. 3-7 
B-D). However, it is very difficult to prepare thinner GDC electrolyte films with the 
thickness of less than 5 µm by the dry co-pressing process due to the difficulty to 
uniformly add the GDC nanopowders on the surface of the NiO-GDC substrate. Though 
the GDC electrolyte film with the average thickness of 5 µm has been prepared on the 




and there are some parts that have the thickness of less than 2 µm (as shown in Fig. 3-7 
A). The nonuniform thickness of the thin GDC electrolyte film will affect the 
performance of anode-supported SOFC. Therefore, the dry co-pressing process is only 
suitable to prepare thick GDC electrolyte films. 
The characteristics of the GDC thin films prepared by the dry co-pressing method, 
such as average thickness, standard deviation of thickness, maximum thickness, 
minimum thickness, porosity and relative density, were measured and calculated from 
SEM micrographs and are shown in Table 3-2. The porosity is defined as the percentage 
of area of pores in electrolyte with respect to the total area of the investigated image 
region (electrolyte). The relative density is one minus the porosity. From Table 3-2, it 
can be seen that all the GDC thin films prepared by the dry co-pressing process have 
low porosity, which indicates that the GDC thin films are gas tight. 
 

































Fig. 3-7. Cross-sectional SEM micrographs of the GDC films with different thickness 
prepared by the dry co-pressing process. 
 
















density   
(%) 
5 1.4 8.9 2.5 2.3 97.7 
16 1.5 20.0 14.3 2.6 97.4 
30 2.5 36.8 25.5 0.7 99.3 
40 3.7 46.6 32.5 1.2 98.8 
50 2.2 53.6 43.8 0.5 99.5 









(A) 5 µm (B) 16 µm 
(D) 75 µm (C) 30 µm 
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3.3.1.2 Microstructure of GDC thin films prepared by spray & dry co-pressing method  
 
  Fig. 3-8 shows the surface and cross-sectional SEM micrographs of the GDC thin 
film prepared on porous NiO-GDC substrate by the spray & dry co-pressing process. It 
can be seen that the GDC thin film appears to be dense, and no pinholes and cracks are 
observed in the surface (Fig. 3-8 A). The grain size of GDC is in the range of 0.3-1.5 
µm. There are a few closed pores observed in the cross-section of the GDC thin film, 
but no connecting pores from the GDC film surface to the film/substrate interface are 
found (Fig. 3-8 B), indicating that the GDC thin film is gas tight. The GDC thin film is 
uniform, about 4 µm thick, and well bonded to the porous NiO-GDC substrate. This 
means that dense and crack-free GDC thin film has been successfully prepared on 
porous NiO-GDC substrate by the spray & dry co-pressing process.  
The spray & dry co-pressing method also provides one-step film preparation without 
repeated coating and sintering cycles. The thickness of the GDC thin films can be easily 
controlled by changing the number of spray-coating layers. Fig. 3-9 shows the relation 
of the thickness of GDC films and the number of spray-coating layers. The thickness of 
GDC thin films increases linearly with an increase in the number of spray-coating layers. 
In this study, the GDC films with the thickness of 0.5-30 µm were successfully prepared 
on the porous NiO-GDC substrates by the spray & dry co-pressing method. Fig. 3-10 
shows the cross-sectional SEM micrographs of the GDC thin films with different 
thickness prepared by the spray & dry co-pressing method. The thickness of the GDC 
films is 1, 2, 3 and 30 µm, respectively. It can be seen that all the GDC films are dense 
and well adhered to the porous Ni-GDC substrates which have the open porosity of 
about 32%. There are no connecting pores and cracks observed. 
Compared with the dry co-pressing process, the spray & dry co-pressing process is 
very suitable to prepare thin GDC electrolyte films on porous NiO-GDC substrates. In 
the spray & dry co-pressing process, the GDC powder layer is deposited on the surface 
of porous substrate by the spray coating of GDC powder suspension, which overcomes 
the difficulty of uniform powder addition in the dry co-pressing process and makes it 
easy to prepare thin and uniform powder layer on the surface of porous substrate. 
Successfully preparing an ultra thin and dense electrolyte layer in an inexpensive way is 
important for the reduction of ohmic resistance, especially for low temperature SOFCs. 
Thus, the spray & dry co-pressing method shows significant potential for inexpensively 








    (B) Cross-section 
 
Fig. 3-8. Surface and cross-sectional SEM micrographs of the GDC thin film prepared 



































Fig. 3-9. Thickness of GDC thin films vs. number of spray-coating layers. 
 
 
Fig. 3-10. Cross-sectional SEM micrographs of the GDC thin films with different 









(A) 1 µm (B) 2 µm 
(D) 30 µm (C) 3 µm 
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The characteristics of the GDC thin films prepared by the spray & dry co-pressing 
method, such as average thickness, standard deviation of thickness, maximum thickness, 
minimum thickness, porosity and relative density, were measured and calculated from 
SEM micrographs and are shown in Table 3-3. The porosity is defined as the percentage 
of area of pores in electrolyte with respect to the total area of the investigated image 
region (electrolyte). The relative density is one minus the porosity. From Table 3-3, it 
can be seen that all the GDC electrolyte films prepared by the spray & dry co-pressing 
process have low porosity, which indicates that the GDC electrolyte films are gas tight.   
 



















0.5 0.1 0.8 0.4 1.1 98.9 
1 0.1 1.6 0.9 0.8 99.2 
2 0.1 2.4 1.9 1.3 98.7 
3 0.2 3.7 2.7 1.0 99.0 
4 0.3 4.4 3.7 0.8 99.2 
30 0.3 30.5 29.7 0.9 99.1 
 
3.3.1.3 Microstructure of GDC thin films prepared by spray coating method  
 
Fig. 3-11 shows the SEM micrographs of the GDC thin films prepared by the spray 
coating method with different number of coating-sintering cycles. It can be seen that for 
the first coating-sintering cycle there are some micro-cracks in the surface of the GDC 
thin film (Fig. 3-11 A). This GDC thin film may not be suitable for the use as electrolyte 
layer because it would result in a leak of gaseous fuel. After the second coating-sintering 
cycle, the micro-cracks are observed to disappear, but there are still a few pinholes in the 
surface (Fig. 3-11 B). This observation indicates that the micro-cracks formed in the first 
cycle have been repaired by the second coating. After the third coating-sintering cycle, 
the micro-cracks and pinholes disappear completely (Fig. 3-11 C), indicating a dense 
GDC thin film prepared on porous NiO-GDC substrate. The GDC thin film has the grain 
size in the range of 0.2-0.5 µm. 
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(A) One cycle 
 
 (B) Two cycles 
 
  (C) Three cycles 
 
Fig. 3-11. SEM micrographs of the GDC thin films prepared by the spray coating method 





Fig. 3-12. Cross-sectional SEM micrograph of the GDC thin film prepared by the spray 
coating method with three coating-sintering cycles. 
 
Fig. 3-12 shows the cross-sectional SEM micrograph of the GDC thin film prepared by 
the spray coating method with three coating-sintering cycles. It is observed that the GDC 
thin film is uniformly continuous, dense, and well adhered to the porous NiO-GDC 
substrate. The thickness is about 0.5 µm. This indicates that a thin, dense and crack-free 
GDC thin film has been successfully prepared on the porous NiO-GDC substrate by the 
spray coating method. The estimated porosity based on the pore area of the NiO-GDC 
substrate is about 24.0 %. The thickness of the GDC thin films could be easily controlled 
by changing the number of the coating-sintering cycles. In this study, the GDC thin films 
with the thickness of 0.5-1 µm are successfully prepared on the porous NiO-GDC 
substrates by the spray coating method. The GDC thin films are also prepared by the 
spary coating method using powder suspension and citric acid sol and the results can be 
found in the Appendix E and Appendix F. 
The characteristics of the GDC thin films prepared by the spray coating method, such 
as average thickness, standard deviation of thickness, maximum thickness, minimum 
thickness, porosity and relative density, were measured and calculated from SEM 
micrographs and are shown in Table 3-4. The porosity is defined as the percentage of 
area of pores in electrolyte with respect to the total area of the investigated image region 
(electrolyte). The relative density is one minus the porosity. From Table 3-4, it can be 
seen that the GDC thin films prepared by the spray coating process are uniform and 























0.5 0.1 0.7 0.4 1.2 98.8 
1 0.1 1.4 0.8 0.9 99.1 
 
  Fig. 3-13 shows the standard deviation of thickness of the GDC thin films prepared 
by the dry co-pressing method, spray & dry co-pressing method and spray coating 
method. It can be seen that the GDC thin films prepared by the dry co-pressing method 
have larger standard deviation of thickness, which indicates that the GDC thin films 
prepared by the dry co-pressing method have nonuniform thickness. For thinner GDC 
electrolyte films, the nonuniform thickness will affect their mechanical and electrical 
properties. The GDC thin films prepared by the spray & dry co-pressing method and 
spray coating method have smaller standard deviation of thickness than the GDC thin 
films prepared by the dry co-pressing method, which indicates that the GDC thin films 
prepared by the spray & dry co-pressing method and spray coating method have more 
uniform thickness. In addition, the standard deviation of thickness of the GDC thin 
films prepared by the spray & dry co-pressing method and spray coating method 
slightly changes with the change of thickness, especially in smaller thickness. This 
indicates that the spray & dry co-pressing method and spray coating method are better 
methods to prepare uniform thin electrolyte films on porous substrates. 
Fig. 3-14 shows the relative density of the GDC thin films prepared by the dry 
co-pressing method, spray & dry co-pressing method and spray coating method. All the 
GDC thin films have high relative density (>97%), which indicate that the GDC thin 
films prepared by the dry co-pressing method, spray dry co-pressing method and spray 
coating method are dense. The relative density of the GDC thin films prepared by the 
spray & dry co-pressing method and spray coating method is similar, which is 
comparable with the relative density of the GDC thin films with the thickness of larger 
than 30 µm prepared by the dry co-pressing method. However, the GDC thin films with 
the thickness of less than 16 µm prepared by the dry co-pressing method show relatively 
low relative density. The low relative density may be attributed to the nonuniform 
addition of GDC nanopowders. 
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Fig. 3-13. Standard deviation of the GDC thin films prepared by the dry co-pressing 
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Fig. 3-14. Relative density of the GDC thin films prepared by the dry co-pressing 





3.3.2 Gas tightness of GDC thin films 
 
  For using as electrolytes of SOFCs, the GDC thin films must be gas tight in order to 
separate fuel gas and oxygen gas and prevent direct reaction between fuel and oxygen. 
Thus, the gas tightness of the GDC thin films is an important parameter which affects 
the electrical performance of SOFCs. Table 3-5 shows the helium permeation properties 
of the GDC thin films supported on the porous Ni-GDC substrates prepared by the dry 
co-pressing method, spray & dry co-pressing method and spray coating method. For 
comparison, the helium permeation property of the porous Ni-GDC substrate without 
GDC thin film is also presented in Table 3-5. The Yes represents that there is air bubble 
observed, and the No represents that there is no air bubble observed.  
 
Table 3-5. Helium permeation properties of the GDC films prepared on the porous 
Ni-GDC substrates by the dry co-pressing method, spray & dry co-pressing method and 








at 0.2 MPa 
Gas permeability 
at 0.25 MPa 
Gas permeability 
at 0.3 MPa 
0 (Ni-GDC) Yes Yes Yes 
5 No No No 




30 No No No 
0.5 No Yes Yes 
1 No No No 
2 No No No 
Spray & dry         
co-pressing 
method 
4 No No No 
0.5 No No No Spray 
coating 
method 1 No No No 
* Yes--- There is air bubble observed. 




The Ni-GDC substrates are porous and the helium gas can pass through the Ni-GDC 
substrates to form air bubbles at 0.2-0.3 MPa. So the experimental results can be used to 
evaluate the gas tightness of the GDC thin films. From Table 3-5, it can be seen that 
there is no air bubble observed at 0.2-0.3 MPa for the GDC thin films with the thickness 
of 5-30 µm prepared by the dry co-pressing method, for the GDC thin films with the 
thickness of 1-4 µm prepared by the spray & dry co-pressing method, and for the GDC 
thin films with the thickness of 0.5-1 µm prepared by the spray coating method, 
indicating that these GDC thin films are gas tight. For the GDC thin film with the 
thickness of 0.5 µm prepared by the spray & dry co-pressing method, there is no air 
bubble observed at 0.2 MPa, but there is few air bubble observed at 0.25-0.3 MPa, 
which indicates that the 0.5 µm GDC thin film is gas tight at low pressure. The results 
indicate that the GDC thin films prepared by the dry co-pressing method, spray & dry 
co-pressing method and spray coating method are gas tight and can be used as 
electrolytes for anode-supported SOFCs. 
  In order to give the range of gas permeability of the electrolytes, theoretical 
calculation is made to estimate the gas permeability. Fig. 3-15 shows the schematic 
diagram of gas passing through the electrolyte film. Based on the results of gas 














                         (3.1) 
where K is the permeability, Q the volume flow rate of He gas, L the thickness of 
electrolyte, µ the viscosity of He gas, A the exposed area of electrolyte, P1 the He gas 
pressure and P2 the atmospheric pressure.  
During the gas tightness testing, there is no air bubble observed. Here, in order to 
estimate the potential gas permeability, we suppose there is a small air bubble with the 
diameter of 0.5 mm passing through the electrolyte film. The Q is calculated based on 
the small air bubble. The calculated gas permeability of the GDC thin films with the 
thickness of 0.5, 1 and 5 µm is 2.88×10-26, 5.77×10-26 and 2.88×10-25 m2 at 0.3 MPa, 
respectively. Because the Q is constant here and the K increases with the increase in the 
thickness of electrolyte, the smallest value of permeability represents the gas 
permeability of GDC thin film. Thus, the potential maximum permeability for the GDC 
thin films is about 2.88×10-26 m2. This means that the GDC electrolyte film is gas tight 





Fig. 3-15. Schematic diagram of gas passing through electrolyte. 
  
  If we suppose the He gas passing through the electrolyte from a connecting pore in 
the electrolyte (as shown in Fig. 3-16), the diameter of the connecting pore in the 
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Under the condition of the potential maximum permeability, the calculated diameter 
of connecting pore in the electrolyte is 0.37 µm. This means that the diameter of 
connecting pore in the electrolyte is less than 0.37 µm. The result also shows that there 
is no pore with the diameter of larger than 0.37 µm in all the GDC thin films prepared 
by the dry co-pressing method, spray & dry co-pressing method and spray coating 
method, which agrees with the results of SEM observation. 
Based on the above results and discussion, the comparison of the dry co-pressing, 
spray & dry co-pressing and spray coating methods is shown in Table 3-6. 
 





Gas-tight GDC electrolyte thin films with the thickness of 0.5-75 µm are successfully 
fabricated on porous NiO-GDC substrates by dry co-pressing method, spray & dry 
co-pressing method and spray coating method. The GDC electrolyte thin films are well 
adhered to the porous NiO-GDC substrates. The spray dry co-pressing method is the 
optimum method to prepare electrolyte thin films on porous substrates. The prepared 
electrolyte thin films have uniform thickness and the thickness can be controlled easily 
by changing the number of spray-coating layers. The dry co-pressing method is suitable 
to prepare relatively thick electrolyte films with the thickness of larger than 30 µm. The 
spray coating method is an effective method to prepare relatively thin electrolyte films 



























5-75 ≥30 No Large  High  1 
Spray & dry 
co-pressing  
0.5-30 1~30 No Small  High  1 
Spray 
coating  
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Solid oxide fuel cells (SOFCs) consist of a porous anode, a dense electrolyte and a 
porous cathode. Among SOFC components, the porous anode serves to provide 
electrochemical reaction sites for oxidation of the fuel, allow the fuel and byproducts to 
be delivered and removed from the reaction sites, and provide a path for electrons to be 
transported from the reaction sites to an external circuit [1-3]. An effective anode should 
have a high electrical conductivity, high electrochemical or catalytic activity, a thermal 
expansion coefficient (TEC) that matches the electrolyte, and a suitable porosity to 
supply fuel and remove reaction products [4-6]. Additionally, for anode-supported 
SOFC anode substrate should also play as a mechanical support for the thin electrolyte 
and cathode films. 
Nickel-yttria-stabilized zirconia (Ni-YSZ) cermet is one of the most common 
composite anodes for SOFCs, and has been studied extensively in these years [7-13]. 
However, the activity of the Ni-YSZ anodes is not high enough for intermediate-low 
temperature SOFCs due to the low ionic conductivity of YSZ at low temperatures. 
Gadolinium doped ceria (GDC) has higher ionic conductivity than YSZ at low 
temperatures [14, 15]. Thus, Ni-GDC cermets are suggested to be the suitable anodes 
for low-temperature SOFCs. In the Ni-GDC anode, Ni serves as the excellent catalyst 
for the oxidation of fuel and provides electron conduction, while GDC mainly acts as a 
matrix to support the Ni grains and prohibit the Ni grains from coarsening under 
operating conditions.  
The electrochemical reaction occurs on three-phase boundary (TPB) [16-18], which 
is defined as the collection of sites where the electrolyte, the electron-conducting metal 
phase, and the gas phase all come together. Increasing the length of TPB will enhance 
the electrochemical reaction and improve the performance of anode. The length of TPB 
can be related to the microstructure of anode. That is, the anode microstructure has a 
great impact on the performance of anode. The anode performance strongly depends on 
the Ni content, the grain size of Ni and GDC, and the distribution of the Ni and GDC 
phases.  
For Ni based electrodes, the electrical conductivity is entirely dependant on the 
connection through the nickel phase, and generally increasing the Ni content enhances 
the electrical conductivity. However, a higher Ni content may decrease the anode 
performance due to Ni coarsening and mismatch of TECs. Wang et al. [19] studied the 
effect of Ni content in Ni-SDC on the performance and microstructure of the anode, and 
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showed that the anodic polarization and electrocatalytic activity strongly depended on 
the Ni content in the anode, and optimum results were achieved with 60 mass% Ni.  
The grain size of Ni and GDC affects the length of TPB and electrical performance of 
anode. In general, decreasing the grain size of Ni or GDC increases the contact sites of 
Ni and GDC, which in turn increases the length of TPB and improve the electrical 
performance of anode. Deng et al. [20] and Janardhanan et al. [21] have theoretically 
studied the relation of TPB length and grain size of electrode, and show that decreasing 
the grain size increases TPB length, especially the TPB length increases obviously with 
decreasing the grain size when the grain size is less than 2 µm. Zha et al. [22] compared 
the electrochemical performance of four types of Ni-GDC anodes prepared on GDC 
electrolyte pellets with two kinds of NiO and GDC powders, where the average particle 
sizes of the NiO powders are 2.0 and 0.8 µm, and the average particle sizes of the GDC 
powders are 0.3 and 0.02 µm. They showed that the Ni-GDC anode prepared form 0.8 
µm NiO powders and 0.02 µm GDC powders had the highest electrochemical 
performance, indicating that decreasing the grain size of Ni and GDC could obviously 
improve the performance of anode. 
The distribution of Ni and GDC phases in the Ni-GDC anode affects the mount of 
active TPBs. The TPB consists of three phases. If there is a breakdown in the 
connectivity in any one of the three phases, the electrochemical reaction cannot occur. If 
oxygen ions from the electrolyte cannot reach the site, if fuel molecules cannot reach 
the site, or if electrons cannot be removed from the site, the site cannot contribute to the 
performance of the SOFC. That is, the site is an inactive TPB. The nonuniform 
distribution of Ni and GDC phases in the Ni-GDC anode will result in many inactive 
TPBs, which affect the electrochemical reaction and decrease the performance of anode. 
Therefore, the distribution of Ni and GDC phases in the Ni-GDC anode will has a 
strong impact on the performance of anode.  
In this study, the effect of microstructure of Ni-GDC anodes on electrical 
performance of anode-supported SOFCs was investigated. In order to obtain different 
microstructure, two types of NiO-GDC powders, precipitated NiO-GDC nanocomposite 
powders and mechanically mixed NiO-GDC nanopowders, were applied during the 
ceramic processing. Anode microstructure and electrical performance of anode- 
supported SOFCs with different anodes were characterized.  
In addition, among SOFC components, the porous cathode also plays an important 
role in generating electric power effectively. Cathode materials should possess such 
properties as high electrical conductivity, compatible coefficients of thermal expansion 
and low reactivity with the electrolyte [31]. The state-of-the-art cathode material for 
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high temperature SOFCs is La1-xSrxMnO3 (LSM) perovskite oxide [32-36]. However, its 
poor ionic conductivity prevents its use for intermediate-low temperature SOFCs [37]. 
Mixed ionic-electronic conductor La1-xSrxCo1-yFeyO3-δ (LSCF) is an alternative cathode 
material to replace LSM for intermediate-low temperature SOFCs due to its excellent 
ionic-electronic conductivity and high catalytic activity for the oxygen reduction 
reaction [38-40].  
Conventionally, a sintering temperature over 900 ºC is required for the LSCF cathode 
preparation in order to obtain sufficient contact with electrolyte [38,41,42]. 
Unfortunately, however, the high sintering temperatures result in solid state reactions 
occurring between the LSCF cathode and YSZ electrolyte, and La2Zr2O7 and SrZrO3 
phases are often formed at the cathode-electrolyte interface [43,44]. The reaction 
products formed at the cathode-electrolyte interface could degrade the long-term SOFC 
performance. In addition, although there is no reaction occurred between LSCF and 
Gd-CeO2 (GDC) [45,46], high sintering temperatures result in coarsening of LSCF 
microstructure, which will affect the transport of oxidant gas and electrical performance 
of cathode. The electrochemical reaction occurs on electrolyte/cathode/gas triple phase 
boundary (TPB) [47]. The length of TPB, which affects the electrochemical reaction, is 
related to the microstructure of cathode. Thus, the performance of LSCF cathodes 
strongly depends on their microstructures.  
One of the approaches commonly used for improving cathode performance is to add 
an ionic conducting phase, electrolyte, to the cathode [48-52]. The improved 
performance of composite cathodes results from the high density of TPB. Dusastre et al. 
[51] measured the polarization resistance of LSCF and various compositions of 
LSCF-GDC on GDC electrolytes over a temperature range of 500-700 ºC in air. It was 
found that the polarization resistance decreased by four times when 36 vol.% GDC was 
added to LSCF. Murray et al. [52] studied the LSCF-GDC composite cathodes on YSZ 
electrolytes, and showed that the addition of 50 vol.% GDC to LSCF resulted in an 
additional factor of about 10 decrease in the polarization resistance. These results show 
that the use of composite cathode is an effective way to reduce the polarization 
resistance of cathode. However, the electronic conductivity of the cathode also 
decreased with the addition of ionic conducting phase, GDC. 
  The performance of cathode can also be improved by decreasing grain size of 
perovskite-type oxides. In general, decreasing the grain size of cathode will increase the 
contact sites of cathode and electrolyte, which will increase the length of TPB and 
improve the electrical performance of cathode. Deng et al. [20] and Janardhanan et al. 
[21] have theoretically studied the relation of TPB length and grain size of electrode, 
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and show that decreasing the grain size of electrode increases the length of TPB. Murata 
et al. [53] compared the effect of particle size of LSCF powders. The LSCF cathodes 
were prepared using two powders with the average particle sizes of 0.66 and 0.53 µm, 
respectively. Results showed that the cathode performance was strongly influenced by 
the starting particle size. The smallest cathode polarization for both 700 and 800 ºC 
operations was obtained when using the finer powders (0.53 µm).   
In this study, we used LSCF nanoparticles as starting powder material to prepare 
LSCF cathodes. LSCF cathodes with different microstructure were obtained by 
changing sintering temperatures. The electrical performance of anode-supported single 
cells with the LSCF cathodes sintered at different temperatures was presented and 





4.2.1 Preparation of single cells with different anodes  
 
In order to evaluate the effect of anode microstructure, anode-supported SOFCs were 
fabricated from two types of NiO-GDC powders: the synthesized NiO-GDC 
nanocomposite powders by precipitation method and the mixed NiO-GDC powders by 
mechanical mixing method. The NiO-GDC powders were dry-pressed in a steel die of 
20 mm diameter. GDC nanopowders (Anan Kasei Co. Ltd., Japan) were then added 
onto the pre-pressed green NiO-GDC substrate which was still contained in the steel die. 
And then, the GDC powders and NiO-GDC substrate were co-pressed at 100 MPa to 
form a green bilayer and subsequently co-sintered at 1300 ºC for 5 h to obtain a dense 
GDC electrolyte layer. The thickness of the GDC electrolyte layers is about 50 µm. 
To prepare cathode, the synthesized LSCF nanoparticles were ball-milled with 
polyvinylpyrrolidone, polyethylene glycol, polyoxyethylene octylphenyl ether and 
isopropyl alcohol to form LSCF cathode paste. LSCF paste was then screen-printed 
onto the GDC layers and sintered at 900 ºC for 2 h to form single cells. The thickness of 
the cathodes was about 30 µm. 
 
4.2.2 Preparation of single cells with different cathodes 
 
  In order to evaluate the effect of LSCF cathode microstructure on electrical 
performance of anode-supported SOFCs, anode-supported single cells were fabricated 
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with the LSCF cathodes sintered at different temperatures. First, the synthesized 
NiO-GDC nanocomposite powders by precipitation method were pressed to form green 
substrate of 20 mm in diameter and 1 mm in thickness. The GDC nanopowders (Anan 
Kasei Co. Ltd., Japan) were then added onto the surface of the green NiO-GDC 
substrate which was still retained in the steel die and co-pressed at 100 MPa to form 
green anode-electrolyte bilayers. And then, the green bilayers were co-sintered at 1300 
ºC for 5 h to form dense GDC electrolyte layers. The thickness of the GDC electrolyte 
layers is about 40 µm. The LSCF paste was then screen-printed onto the GDC 
electrolyte layers, and sintered at 700, 900 and 1100 °C for 2 h to form completed single 
cells. The thickness of the LSCF cathodes is about 30 µm. 
 
4.2.3 Characterization of electrical performance   
 
The electrical performance of the anode-supported single cells was evaluated by 
means of SOFC performance test equipment. Fig. 4-1 shows a schematic diagram of the 
single cell performance test equipment. The single cell was placed between two 
concentric Al2O3 tubes. The internal diameters of the outer and inner tubes were 12 mm 
and 8 mm, respectively. H2 and O2 gases from gas tanks were supplied on to the anode 
and cathode surfaces of the cell through the inner tubes at a flow rate of 100 ml/min and 
were discharged through the annulus between the tubes. The sealing between the outer 
Al2O3 tubes and the cell was obtained by melting a glass ring. Prior to performance tests, 
the test section was initially heated up to 800 °C at a heating rate of 100 °C/h and held 
for 2 h in order to melt the glass ring and form the glass seal. After melting the glass, it 
was cooled down to operating temperature. The single cell was tested under the 
conditions of 3%H2O-H2 for the anode (The hydrogen was fed through a water bubbler 
which was placed in a water bath kept at 25 °C) and oxygen for the cathode. The 
operating temperatures are controlled by the electric furnace. The current-voltage 
characteristics of the cell were measured by an electronic instrument at 500-600 °C.  
The microstructure of the Ni-GDC anodes and LSCF cathodes after the performance 
tests was examined by a field-emission scanning electron microscopy (FE-SEM, S4300, 
Hitachi, Japan) with energy dispersive analysis of X-ray (EDX). 
The single cell performance was also estimated in terms of the area specific resistance 
(ASR) of the single cell [23-29]. Such an interpretation of cell performance with ASR is 
known to be much less dependent on the individual test conditions compared with 








performance.The ASR includes ohmic resistance and electrode polarization resistance. 





=                     (4.1) 
where OCV is the experimental open circuit voltage, Vc the measured cell voltage and i 
the corresponding current density. 
 
4.3 Results and discussion 
 
4.3.1 Effect of anode microstructure  
 
4.3.1.1 Microstructure of Ni-GDC anodes 
 
The SEM micrographs of the Ni-GDC anodes prepared from the NiO-GDC powders 
synthesized by the precipitation method and mechanical mixing method are shown in 
Fig. 4-2. Fig. 4-3 shows the identification of Ni and GDC phases in the Ni-GDC anode. 
It can be seen that the grains (grey) with clear grain boundaries and inerratic shape (with 
flate faces) are the GDC grains and the grains (with white edge) with irregular shape 
(without flate faces) are the Ni grains. From Fig. 4-2, thus, it can be seen that the 
Ni-GDC anode prepared from the NiO-GDC nanocomposite powders synthesized by 
the precipitation method has a uniform microstructure and the Ni and GDC phases are 
dispersed uniformly in the anode. In contrast, the Ni-GDC anode prepared from the 
NiO-GDC nanopowders synthesized by the mechanical mixing method shows a 
nonuniform microstructure, and the Ni and GDC phases are not dispersed uniformly in 
the anode.  
In addition, the Ni phases have smaller grain size in the Ni-GDC anode prepared by 
the precipitation method, whereas the Ni phases have larger grain size in the Ni-GDC 
anode prepared by the mechanical mixing method. The estimated average agglomerate 
grain sizes of Ni and GDC are 482 and 467 nm in the Ni-GDC anode prepared by the 
precipitation method, and 839 and 692 nm in the Ni-GDC anode prepared by the 
mechanical mixing method, respectively. The nonuniform phase distribution and larger 
grain size of the Ni-GDC anode prepared by the mechanical mixing method are 
attributed to the difficulty to uniformly mix the nanopowders of NiO and GDC. The 
uniform microstructure will lead to good connections between Ni-Ni, GDC-GDC, and 
Ni-GDC grains, which are important in fabricating a high performance Ni-GDC anode 
by improving TPB.  
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Fig. 4-4 shows the cross-sectional SEM micrographs of electrolyte-anode interfaces 
with the Ni-GDC anodes prepared from the NiO-GDC powders synthesized by the 
precipitation method and mechanical mixing method. It can be clearly seen that there 
are many Ni phases dispersed uniformly in the interface with the Ni-GDC anode 
prepared from the NiO-GDC nanocomposite powders synthesized by the precipitation 
method, whereas there are a few Ni phases dispersed nonuniformly in the interface with 
the Ni-GDC anode prepared from the NiO-GDC nanopowders synthesized by the  
 
 
(A) Precipitation method 
 
 
(B) Mechanical mixing method 
 
Fig. 4-2. SEM micrographs of the Ni-GDC anodes prepared from the NiO-GDC 





















mechanical mixing method. From Figs. 4-2 and 4-4, it can be seen that the use of the 
NiO-GDC nanocomposite powders synthesized by the precipitation method results in a 
uniform microstructure of the Ni-GDC anode, and the use of the NiO-GDC 
nanopowders prepared by the mechanical mixing method results in a nonuniform 
microstructure of the Ni-GDC anode. The different microstructure will lead to different 
amount of TPB and affect the electrical performance.  
 
  
(A) Precipitation method 
 
(B) Mechanical mixing method 
 
Fig. 4-4. Cross-sectional SEM micrographs of electrolyte-anode interfaces with the 
Ni-GDC anodes prepared from the NiO-GDC powders synthesized by the precipitation 










4.3.1.2 Estimation of length of TPB at anode/electrolyte interface 
 
From SEM micrograph, the length of TPB at anode/electrolyte interface can be 
estimated. Here, for the sake of completeness, the calculation method is explained in 
detail according to the literature [30] which introduced the calculation of TPB at LSM 
cathode. The model for the calculation is shown in Fig. 4-5. Here, we only discuss the 
TPB at the interface between anode and electrolyte, and the TPB extended into the 
Ni-GDC anode is not included.  
The number, N, and total cross-sectional length, u, of the closely contacted Ni 
grain/GDC electrolyte interfaces are calculated for a unit length of the anode/electrolyte 
interface according to the following equation: 





∑=                          (4.3) 
where n is the number of contact points of Ni grains with GDC electrolyte surface, L the 
length of the anode/electrolyte interface, and un the cross-sectional length of the contact 
point n. 
  The average diameter, R, of each closely contacted Ni grain/GDC electrolyte 
interface is calculated by the equation 
NuR /=                               (4.4) 
Because the number of closely contacted Ni grain/GDC electrolyte interfaces for a 
unit area of anode/electrolyte interface is given by N2, the total length of the TPB, LTPB, 
for a unit area of anode/electrolyte interface is calculated by the equation 
2RNLTPB π=                        
    (4.5) 










                               (4.6) 
Thus, from cross-sectional SEM micrographs of anode/electrolyte interfaces shown 
in Fig. 4-4, the length of TPB, LTPB, was calculated using Eq. (4.6) and is shown in 
Table 4-1. It can be seen that the length of TPB in the Ni-GDC anode prepared from the 
NiO-GDC nanocomposite powders synthesized by the precipitation method is longer 
than that in the Ni-GDC anode prepared from the NiO-GDC nanopowders synthesized 
by the mechanical mixing method. The longer TPB is attributed to the uniform 
distribution of Ni and GDC grains in the Ni-GDC anode. The long TPB may increase 
the electrochemical reaction of anode and improve the electrical performance of 




Fig. 4-5. Model of the anode/electrolyte cross-section for the analysis of SEM 
micrograph. 
 
Table 4-1. Calculated LTPB at anode/electrolyte interfaces 
Anode preparation 
Distribution of Ni and 













4.3.1.3 Electrical performance of single cells 
 
Fig.4-6 shows the I-V and I-P characteristics of the anode-supported SOFCs with the 
anodes prepared from the NiO-GDC powders synthesized by the precipitation method 
and mechanical mixing method. The single cell with the Ni-GDC anode prepared from 
the NiO-GDC nanocomposite powders synthesized by the precipitation method gives 
better electrical performance. The maximum power densities are 96, 191 and 360 
mW/cm2 at 500, 550 and 600 ºC, respectively. The open circuit voltage (OCV) is 0.954 






Contact points of Ni 
and GDC grains with 
GDC electrolyte 
surface GDC electrolyte 
Cross-sectional length 
of the contact point n 
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comparison of the maximum power density of the single cells with the Ni-GDC anodes 
prepared from the NiO-GDC powders synthesized by the precipitation method and 
mechanical mixing method. It can be seen that the single cell with the Ni-GDC anode 
prepared by the precipitation method shows higher maximum power density than the 
single cell with the Ni-GDC anode prepared by the mechanical mixing method at all 
operating temperatures. The high power densities indicate good catalysis activities of 
anode prepared from the NiO-GDC nanocomposite powders synthesized by the 
precipitation method.  
The electrical performance of single cells is also evaluated by area specific resistance 
(ASR) of single cell. The results of ASR obtained from the I-V curves are shown in Fig. 
4-8. The single cell with the Ni-GDC anode prepared from the NiO-GDC 
nanocomposite powders synthesized by the precipitation method shows smaller ASR 
than the single cell with the Ni-GDC anode prepared from the NiO-GDC nanopowders 
synthesized by the mechanical mixing method. Due to the same electrolyte and cathode, 
the smaller ASR could result from the lower polarization resistance of Ni-GDC anode. 
The lower polarization resistance of the Ni-GDC anode prepared from the NiO-GDC 
nanocomposite powders synthesized by the precipitation method may be attributed to 
the improved electrochemical performance of the anode and the increasing length of 
TPB for electrochemical reaction due to the uniform microstructure.  
The effect of the length of TPB on the current density at different temperatures and 
voltages of anode-supported SOFCs is shown in Fig. 4-9. It can be seen that the current 
density of anode-supported single cell increases approximately linearly with increasing 
the length of TPB. In the case of the anode consisting of Ni-GDC, it is expected that 
there may be TPB away from the electrolyte/anode interface due to possible spatial 
connectivity of Ni particles, which is not accounted for in the above-mentioned 
calculation of LTPB. Nonetheless, the present approach of calculating LTPB only along 
the electrolyte/anode interface should take into account a representative portion of the 
whole TPB in view of the more or less uniform distribution of Ni in the anode. Based on 
the discussion, the linear line passing through the origin is drawn in Fig. 4-9, even 
though only two data points are available for each temperature and voltage. The effect 
of the length of TPB on ASR at different temperatures of anode-supported SOFCs is 
shown in Fig. 4-10. It can be seen that the ASR of single cell decreases with increasing 
the length of TPB. These mean that increasing the length of TPB, the electrochemical 
reaction in the Ni-GDC anode is enhanced, which improves the electrical performance 
of anode-supported SOFC. So the use of uniform microstructure of anode can obviously 
increase electrical performance of anode-supported SOFCs.  
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              (A) Precipitation method 











































(B) Mechanical mixing method 
 
Fig. 4-6. I-V and I-P characteristics of the anode-supported single cells with the 
Ni-GDC anodes prepared from the NiO-GDC powders synthesized by the precipitation 
































Fig. 4-7. Maximum power densities of single cells with the Ni-GDC anodes prepared by 
























Fig. 4-8. ASRs of single cells with the Ni-GDC anodes prepared by the precipitation 
method and mechanical mixing method. 
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Fig. 4-9. Relation of LTPB and current density at different temperatures and voltages. 
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(C) 500 ºC 
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Fig. 4-10. Relation of LTPB and ASR at different temperatures of single cells.  
 
4.3.2 Effect of cathode microstructure  
 
4.3.2.1 Microstructure of LSCF cathodes 
 
Fig. 4-11 shows the cross-sectional SEM micrographs of the LSCF cathodes sintered 
at 700-1100 ºC. The GDC electrolytes in all the single cells are dense, but their 
microstructures close to the LSCF cathodes are different, which may be attributed to the 
element diffusion of LSCF (see Appendix G). There are no cracks and delaminations 
observed in the cathodes. The cathodes are porous and well adhered to the GDC 
electrolytes. The LSCF cathodes sintered at 700 and 900 ºC have small grain size and 
high porosity (Fig. 4-11 A and B). The coarse grains are clearly seen in the LSCF 
cathode sintered at 1100 ºC (Fig. 4-11 C). A diffuse porous system is presented in the 
LSCF cathodes sintered at 700 and 900 ºC, with a strong reduction of the number of 
pores in the LSCF cathode sintered at 1100 ºC. The grain size of LSCF increases with 
increasing the sintering temperature and the average grain size of LSCF sintered at 
different temperatures is shown in Fig. 4-12. The LSCF cathodes sintered at 700 and 
900 ºC show nanostructures. The nanostructures are expected to increase the length of 
TPB and improve the electrochemical performance of cathode. 
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Fig. 4-11. Cross-sectional SEM micrographs of the LSCF cathodes sintered at different 
temperatures. 
(C) 1100 ºC 
(A) 700 ºC 
































Fig. 4-12. Average grain size of LSCF cathodes sintered at different temperatures. 
 
4.3.2.2 Estimation of length of TPB at cathode/electrolyte interfaces 
 
From SEM images, the length of TPB at cathode/electrolyte interface can be 
estimated according to the literature [30] which introduced the calculation of TPB 
length at LSM cathode. Here, the calculation method is reintroduced to explain the 
calculation of TPB length at LSCF cathode. The model for the calculation is shown in 
Fig. 4-13. 
From the cross-sectional SEM images of the interface, the number, N, and total 
cross-sectional length, u, of the apparently closely contacted LSCF-grain/GDC 
interfaces are calculated for a unit length of the interface according to the following 
equation: 
LnN /=                               (4.7) 





∑=                           (4.8)   





Fig. 4-13. Model for the cross section of the LSCF/GDC interface for the analysis of 
SEM images. 
 
From N and u, the average diameter, R, of each closely contacted interface is 
calculated by the equation 
NuR /=                                   (4.9) 
Because the number of closely contacted interfaces for a unit electrode area is given 
by N2, the total length of the triple-phase boundary, LTPB, for a unit electrode area is 
calculated by the equation 
2RNLTPB π=      
                 
           (4.10) 










                          (4.11) 
In addition, the total contacted area, ATPB, of LSCF grains with GDC electrolyte for a 














               (4.12) 
Thus, from the cross-sectional SEM images of the LSCF/GDC interface shown in Fig. 
4-11, the length of TPB, LTPB, and contacted area, ATPB, of LSCF grains with GDC 
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ATPB are shown in Fig. 4-14. It can be seen that the length of TPB and contacted area of 
LSCF grains with GDC electrolyte increase obviously with a decrease in the sintering 
temperatures of the LSCF cathode. The increased TPB length and contacted area of 
LSCF grains with GDC electrolyte will improve the electrical performance of single 
cells. 




































Fig. 4-14. Calculated LTPB and ATPB at electrolyte/cathode interfaces with the LSCF 
cathodes sintered at different temperatures. 
 
4.3.2.3 Electrical performance of single cells 
 
In order to evaluate the effect of the LSCF cathode microstructure, anode-supported 
single cells with the LSCF cathodes sintered at different temperatures are tested at 
500-600 ºC. All of the single cells were made from the same batch of NiO-GDC 
supported GDC disks. The only difference in the test single cells was the sintering 
temperature of the LSCF cathodes and corresponding microstructure. Fig. 4-15 shows 
the cell voltage and power density versus current density for the anode-supported single 
cells with the LSCF cathodes sintered at 700-1100 ºC. When the LSCF cathode was 
sintered at 700 ºC, the single cell shows the highest electrical performances (as shown 
in Fig. 4-15 A). The maximum power densities are 251, 478 and 733 mW/cm2 at 500, 
550 and 600 ºC, respectively. The open circuit voltages (OCV) are 1.015, 0.996 and 
0.962 V at 500, 550 and 600 ºC, respectively.  
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Further more, it can be seen from Fig. 4-15 that the electrical performance of 
anode-supported single cells depends strongly on the sintering temperature of the LSCF 
cathodes when keeping the other conditions identical. Fig. 4-16 shows the maximum 
power densities at 600 ºC for the anode-supported single cells with the LSCF cathodes 
sintered at different temperatures. The single cell with the LSCF cathode sintered at 
1100 ºC has the lowest power density, whereas the single cell with the LSCF cathode 
sintered at 700 ºC has the highest power density. With reducing the sintering 
temperature of the LSCF cathodes, the maximum power density increases remarkably. 
This indicates that the performance of the LSCF cathode is improved with reducing its 
sintering temperature. The low sintering temperature results in nanostructure of the 
LSCF cathode, which increases the length of TPB. The larger length of TPB enhances 
electrochemical reaction, so the electrical performance of single cell is improved.  
Fig. 4-17 shows the relation of LTPB and current density at different temperatures and 
voltages of single cells. It can be seen that the current density of anode-supported single 
cells increases linearly with the increase in the length of TPB of LSCF cathode. This 
indicates that increasing the length of TPB of LSCF cathodes can increase the 
electrochemical reactions, resulting in high current density.  
Fig. 4-18 shows the relation of ATPB and current density at different temperatures and 
voltage of single cells. The current density of anode-supported single cells also 
increases with the increase in the contacted area of LSCF grains with GDC electrolyte. 
It is known that the LSCF cathode is a mixed ionic and electronic conductor. The 
electrochemical reaction takes place at TPB and LSCF/gas boundary, but the TPB is the 
main reaction site. Here, the relation of ATPB and current density is regarded as a 
reference. The current density doesn’t increases linearly with the increase in the ATPB, 
and the relationship between the current and ATPB does not pass through the origin. The 
increasing electrochemical reaction at LSCF/gas boundary may also increase the current 
density, but the main increase of current density is attributed to the increasing 
electrochemical reaction at the TPB. Therefore, lowering the sintering temperature of 
LSCF cathode can improve the electrical performance, which is attributed to the 
improved microstructure: a nanostructure which increases the LTPB and ATPB and 
improves the electrical performance of LSCF cathode.  
 112 
 
Fig. 4-15. I-V and I-P characteristics of the anode-supported single cells with the LSCF 
cathodes sintered at different temperatures. 
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Fig. 4-16. Maximum power densities at 600 ºC of the anode-supported single cells with 
the LSCF cathodes sintered at different temperatures.  
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Fig. 4-17. Relation of LTPB and current density at different temperatures and voltages. 
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Fig. 4-18. Relation of ATPB and current density at different temperatures and voltages. 
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The electrical performance of anode-supported single cells with the LSCF cathodes 
sintered at different temperatures is also evaluated by area specific resistance (ASR) of 
single cell. The ASRs obtained from the I-V curves are shown in Fig. 4-19. It can be 
seen that the ASR decreases with lowering the sintering temperature of the LSCF 
cathode. The single cell with the LSCF cathode sintered at 700 ºC shows smaller ASR 
than the single cell with the LSCF cathode sintered at 1100 ºC. The ASR includes ohmic 
resistance and electrode polarization resistance. All the single cells have similar anode 
and electrolyte, and thus the smaller ASR could result from the lower polarization 
resistance of cathode. 
Fig. 4-20 shows the relation of LTPB and ASR at different operating temperatures. Fig. 
4-21 shows the relation of ATPB and ASR at different operating temperatures. From Fig. 
4-20 and 4-21, it can be seen that the ASR of single cell decreases with the increase in 
the LTPB and ATPB. Lowering the sintering temperature of the LSCF cathode results in a 
nanostructure, which results in the increase of the LTPB and ATPB. The large LTPB and 
ATPB enhance the electrochemical reaction of LSCF cathode, so the ASR of single cell 












 LSCF sintered at 700 °C
 LSCF sintered at 900 °C















Fig. 4-19. ASRs of the anode-supported single cells with the LSCF cathodes sintered at 
different temperatures. 
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Two types of NiO-GDC nanopowders prepared by precipitation method and 
mechanical mixing method are used to investigate the effect of anode microstructure on 
electrical performance of anode-supported single cells. Anode-supported single cell 
with Ni-GDC anode fabricated by the precipitation method shows higher power density 
than anode-supported single cell with Ni-GDC anode fabricated by the mechanical 
mixing method, which is attributed to improved anode microstructure. Anode fabricated 
by the precipitation method has uniform microstructure due to the uniform distribution 
of Ni and GDC, which results in larger length of TPB and increases obviously 
electrochemical reaction. Results show that the anode microstructure affects strongly 
electrical performance of anode-supported SOFCs.  
LSCF nanoparticles are used to investigate the effect of cathode microstructure on 
electrical performance of anode-supported single cells. Different microstructures of 
cathodes are obtained by changing the sintering temperature of LSCF cathodes. 
Lowering sintering temperature of LSCF cathodes decreases obviously grain size of 
LSCF and results in a nanostructure. Single cell with the LSCF cathode sintered at 700 
ºC shows the highest power density in the single cells with the LSCF cathodes sintered 
at 700-1100 ºC, which is attributed to the nanostructure. Results show that electrical 
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Low temperature solid oxide fuel cells (SOFCs) have attracted more attention due to 
low operating temperatures enhancing the long-term performance stability, widening the 
material selection, lessening the sealing problem, enabling the use of low-cost metallic 
interconnects and accelerating the commercialization of SOFCs [1-3]. However, low 
operating temperatures result in the increase of electrolyte resistance and high electrode 
overpotential, which reduce the electrochemical performance of SOFCs. In order to 
lower the operating temperature of SOFCs while keeping their electrochemical 
performance, the following approaches are normally adopted: reducing the electrolyte 
thickness, developing alternative electrolyte materials with high ionic conductivity at 
low temperatures, and minimizing electrode polarization resistance [4-6]. Over the past 
few years, considerable effort has been devoted to the development of anode-supported 
SOFCs based on a thin-film electrolyte of doped ceria [7-13]. 
  Good electrical performance has been obtained for anode-supported SOFCs with 
ceria-based electrolyte films. For instance, Zhen et al. [11] applied a spin coating 
method to fabricate an anode-supported single cell that consisted of a 19 µm 
Gd0.2Ce0.8O1.9 (GDC) electrolyte, a Ni-GDC anode and a La0.6Sr0.4Co0.2Fe0.8O3 
(LSCF)-GDC cathode. The single cell exhibited a maximum power density of 386 
mW/cm2 at 600 °C. Xia et al. [12] developed a screen printing method to prepare a 
Sm0.2Ce0.8O1.9 (SDC) electrolyte film with the thickness of 30 µm and demonstrated a 
maximum power density of 397 mW/cm2 at 600 °C for a single cell with a Ni-SDC 
anode and a Sm0.5Sr0.5CoO3 (SSC)-SDC cathode. Leng et al. [13] successfully 
fabricated an anode-supported SOFC with thin film GDC electrolyte of 10 µm prepared 
in situ by solid-state reaction and showed a maximum power density of 578 mW/cm2 at 
600 °C for a single cell assembled with a LSCF-GDC cathode and Ni-GDC anode. 
Though high quality electrolyte films have been fabricated and high electrical 
performance has been achieved, the effect of electrolyte film thickness on the electrical 
performance of anode-supported SOFCs has not been investigated in detail. That is, 
there is no report about the optimal thickness of electrolyte films.  
  There are certain theoretical and practical limitations to the reduction in thickness that 
can be achieved. Steele [14] investigated ceramic ion conducting membranes and 
discussed the effect of electrolyte thickness on the surface exchange and diffusion 
coefficient of oxygen. At a certain thickness the surface exchange reaction of oxygen 
becomes the rate-limiting step, and thus further reduction in thickness is unbeneficial. 
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From a practical standpoint, it is difficult to prepare electrolyte thin films of less than 1 
µm without small pinholes or cracks which will result in low power density of SOFCs 
[15]. In addition, doped ceria is prone to be reduced under reducing conditions [16]. The 
reduction of ceria from Ce4+ to Ce3+ will give rise to electronic conduction and thus 
result in a non-negligible loss in the open circuit voltage (OCV) of the fuel cell. Under 
reducing conditions, the electronic conductivity of GDC increases obviously with 
reducing the oxygen partial pressure [17], which will lower further the OCV of SOFC. 
The reduction of ceria will also cause lattice expansion of the ceria electrolyte at the 
fuel side and thereby lead to mechanical stability problems with the cell [18]. Therefore, 
the electronic conduction of doped ceria electrolytes has to be considered when the 
thickness of doped ceria electrolyte is less than certain thickness. Thus, the relation of 
the thickness of ceria-based electrolyte and electrical performance of SOFCs has to be 
investigated. The purpose of this chapter is to investigate the effect of thickness of GDC 
electrolyte films on electrical performance of anode-supported SOFCs.  
To investigate the effect of electrolyte thickness on electrical performance, the 
preparation of gas-tight electrolyte films with different thickness is the key. Various film 
techniques have been developed to prepare dense electrolyte films on porous substrate 
[4, 19]. In the chapter 3, we investigated the preparation of gas-tight GDC electrolyte 
thin films with different thickness on porous NiO-GDC substrates by dry co-pressing 
process, spray & dry co-pressing process and spray coating process. The gas-tight GDC 
electrolyte thin films with the thickness of 0.5-75 µm have been successfully prepared 
on the porous NiO-GDC substrates by the dry co-pressing process, spray & dry 
co-pressing process and spray coating process. 
  In this chapter, we fabricated anode-supported SOFCs with the GDC electrolyte thin 
films of different thickness prepared by the dry co-pressing process, spray & dry 
co-pressing process and spray coating process. The electrical performance of 
anode-supported SOFCs with the GDC electrolyte thin films of different thickness was 
then investigated, and the effect of thickness of GDC electrolyte thin films on the 





5.2.1 Fabrication of single cells 
 
5.2.1.1 Fabrication of single cells by dry co-pressing process 
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The NiO-Gd0.1Ce0.9O1.95 (GDC) nanocomposite powders synthesized by precipitation 
method were pressed uniaxially in a steel die of 20 mm diameter to form green 
NiO-GDC anode substrate. The Gd0.1Ce0.9O1.95 (GDC) nanopowders (Anan Kasei Co. 
Ltd., Japan) were then dispersed uniformly by a sieve onto the pre-pressed green 
NiO-GDC anode substrate which was still contained in the steel die. And then, the GDC 
powders and the NiO-GDC substrate were co-pressed at 100 MPa to form a green 
bilayer and subsequently co-sintered at 1300 ºC for 5 h to obtain a dense GDC 
electrolyte film. The GDC films with different thickness were prepared by changing the 
additive amount of the GDC nanopowders. Finally, the LSCF paste was screen-printed 
onto the GDC films and sintered at 900 ºC for 2 h to form completed single cells. The 
thickness of the LSCF cathodes was about 30 µm. 
 
5.2.1.2 Fabrication of single cells by spray & dry co-pressing process 
 
The NiO-GDC nanocomposite powders were pressed uniaxially in a steel die of 20 
mm diameter to form green NiO-GDC anode substrate. The GDC powder suspension, 
which was prepared by dispersing uniformly GDC nanopowders into methanol by 
ultrasonic dispersion, was then sprayed onto the green NiO-GDC anode substrate which 
was still contained in the steel die. The wet coating layer was then naturally dried. After 
multiple coatings, the GDC powder layer and the NiO-GDC substrate were then 
co-pressed at 100 MPa to form a green bilayer and subsequently co-sintered at 1300 ºC 
for 5 h to obtain dense GDC film. The GDC films with different thickness were 
prepared by changing the number of spray-coating layers. Finally, the LSCF paste was 
screen-printed onto the GDC films and sintered at 900 ºC for 2 h to form completed 
single cells. The thickness of the cathodes was about 30 µm. 
 
5.2.1.3 Fabrication of single cells by spray coating process 
 
The NiO-GDC nanocomposite powders were pressed uniaxially in a steel die of 20 
mm diameter to form green NiO-GDC anode substrate and pre-sintered at 1000 °C for 2 
h to provide strength for the NiO-GDC substrates. The GDC sol was then spray-coated 
onto the NiO-GDC substrates which were washed with isopropyl alcohol. The wet 
coating layer was then naturally dried. After multiple coatings, the green GDC film and 
NiO-GDC substrate were co-sintered at 1100 °C for 2 h. And then, the spray-coating 
and sintering process were repeated several times to prepare dense GDC films with 
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different thickness. Finally, LSCF paste was screen-printed onto the GDC films, and 
sintered at 900 °C for 2 h to form completed single cells. The thickness of the cathodes 
was about 30 µm. 
 
5.2.2 Characterization of single cells  
 
Electrochemical performance of the fabricated anode-supported single cells with 
GDC electrolyte films of different thickness was evaluated by means of an in-house test 
station as shown in chapter 4. The detailed testing conditions can be found in section 
4.2.3. 
The microstructure and morphology of the anode-supported single cells after the 
performance tests were examined by a field-emission scanning electron microscopy 
(FE-SEM, S4300, Hitachi, Japan). 
 
5.3 Results and discussion 
 
5.3.1 Microstructure of anode-supported single cells 
 
After electrical performance tests, the microstructure of anode-supported single cells 
was observed by SEM. Fig. 5-1 shows the cross-sectional SEM micrographs of the 
anode-supported single cells with the GDC electrolyte films of different thickness 
prepared by the dry co-pressing process. The thicknesses of the GDC electrolyte films 
in Figs. 5-1 A-F are 5, 16, 30, 40, 50 and 75 µm, respectively. It is observed that all the 
GDC electrolyte films are well adhered to the porous Ni-GDC anodes. The GDC 
electrolyte films appear to be dense except for some isolated pores, but no delamination 
and cracks are observed. This means that the GDC electrolyte films prepared by the dry 
co-pressing process have high mechanical durability.  
Fig. 5-2 shows the cross-sectional SEM micrographs of the anode-supported single 
cells with the GDC electrolyte thin films of different thickness prepared by the spray & 
dry co-pressing process. The thicknesses of the GDC electrolyte films in Figs. 5-2 A-F 
are 0.5, 1, 2, 3, 4 and 30 µm, respectively. After electrical performance tests, all the 
GDC electrolyte thin films are still dense and well adhered to the Ni-GDC anodes, and 
there are no cracks and delamination observed. This means that the GDC electrolyte 







Fig. 5-1. Cross-sectional SEM micrographs of the anode-supported single cells with the 
GDC electrolyte films of different thickness prepared by the dry co-pressing process.  
 
(A) 5 µm GDC (B) 16 µm GDC 
(C) 30 µm GDC (D) 40 µm GDC 

























Fig. 5-2. Cross-sectional SEM micrographs of the anode-supported single cells with the 
GDC electrolyte films of different thickness prepared by the spray dry co-pressing 
process. 
 
(A) 0.5 µm GDC (B) 1 µm GDC 
(C) 2 µm GDC (D) 3 µm GDC 




















Fig. 5-3 shows the cross-sectional SEM micrographs of the anode-supported single 
cells with the GDC electrolyte thin films of different thickness prepared by the spray 
coating process. The thickness of the GDC electrolyte thin films in Figs. 5-3 A and B is 
0.5 and 1 µm, respectively. It can be seen that the GDC electrolyte thin films are dense 
and well adhered to the Ni-GDC anodes, and there are also no cracks and delamination 
observed. This means that the GDC electrolyte films prepared by the spray coating 
process have high mechanical reliability. 
 
 
Fig. 5-3. Cross-sectional SEM micrographs of the anode-supported single cells with the 
GDC electrolyte films of different thickness prepared by the spray coating process.  
 
 
(A) 0.5 µm GDC 









5.3.2 Electrical performance of single cells 
 
5.3.2.1 Electrical performance of single cells fabricated by dry co-pressing process 
 
Fig. 5-4 shows the I-V and I-P characteristics of the anode-supported single cells with 
the GDC electrolyte films of 5-75 µm prepared by the dry co-pressing process. It can be 
seen that the cell voltage decreases linearly with an increase in the current density, 
which indicates good electrode performance. The power density increases with 
increasing the operating temperature and all single cells show good electrical 
performance. The results show that the GDC electrolyte films prepared by the dry 
co-pressing process are suitable to be applied as electrolytes for anode-supported 
SOFCs. The anode-supported SOFC with 16 µm GDC electrolyte film demonstrates the 
highest electrical performance (as shown in Fig. 5-4 B). The maximum power densities 
are 174, 363 and 644 mW/cm2 at 500, 550 and 600 ºC, respectively. These power 
densities are higher than those for single cells with ceria-based electrolyte films reported 
in the literatures [11-13].  
With reducing the thickness of GDC electrolyte films, the maximum power density of 
single cells increases gradually. However, the maximum power density of the 
anode-supported single cell with 5 µm GDC electrolyte film is lower than that of the 
anode-supported single cell with 16 µm GDC electrolyte film. The low power density 
may be attributed to some defects and electronic conductivity of the GDC electrolyte 
film. According to the helium gas permeability results, the 5 µm GDC electrolyte film is 
gas tight, and thus there is no gas-leak problem. From the SEM micrograph (as shown 
in Fig. 5-1 A), it can be seen that the thickness of the GDC electrolyte film is 
nonuniform, and there are some sites where the thickness of the GDC electrolyte film is 
less than 2 µm. The thinner parts of the GDC electrolyte thin film may affect strongly 
the electrical performance of the GDC electrolyte thin film. Therefore, the GDC 
electrolyte films with the thickness of less than 5 µm prepared by the dry co-pressing 
process are not suitable as electrolytes of anode-supported SOFCs due to the 
nonuniform thickness of the GDC electrolyte thin films. 
An open circuit voltage (OCV) of 0.961 V is obtained at 500 ºC for the 
anode-supported single cell with 16 µm GDC electrolyte film. This is 160 mV higher 
than that of the single cell with 19 µm GDC electrolyte film reported in [11]. The OCV 
decreases with an increase in the operating temperature. The difference between the 
measured OCVs and the theoretical OCVs calculated by the Nernst’s equation (1.178 
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and 1.165 V at 500 and 600 ºC, respectively) increases with an increase in the operating 
temperature. This is due to the increasing electronic conductivity of doped ceria 
materials in reductive atmospheres with increasing the operating temperature [20, 21]. 
In addition, it can be seen that the OCVs of the anode-supported single cell with 5 µm 
GDC electrolyte film are lower than those of the anode-supported single cell with 16 
µm GDC electrolyte film. The low OCV is related to high electronic conductivity of the 
GDC electrolyte film. The thinner parts of the 5 µm GDC electrolyte film may increase 
the electronic conductivity of GDC electrolyte film, which lowers the OCV and 





Fig. 5-4. I-V and I-P characteristics of the anode-supported single cells with the GDC 
electrolyte films of 5-75 µm prepared by the dry co-pressing process. 
 
   
























































































































(A) 5 µm GDC (B) 16 µm GDC 
(C) 30 µm GDC (D) 40 µm GDC 
(E) 50 µm GDC (F) 75 µm GDC 


























































































































5.3.2.2 Electrical performance of single cells fabricated by spray & dry co-pressing 
process 
 
Fig. 5-5 shows the I-V and I-P characteristics of the anode-supported single cells with 
the GDC electrolyte thin films of 0.5-30 µm prepared by the spray & dry co-pressing 
process. The power density increases with increasing the operating temperature and all 
single cells show good electrical performance, which means that the GDC electrolyte 
thin films prepared by the spray & dry co-pressing process are suitable as electrolytes 
for anode-supported SOFCs.  
In all the anode-supported single cells, the anode-supported single cell with 4 µm 
GDC electrolyte film shows the highest electrical performance (as shown in Fig. 5-5 E). 
The maximum power densities are 325, 548 and 771 mW/cm2 at 500, 550 and 600 ºC, 
respectively. The maximum power densities are higher than those of the 
anode-supported single cell with 16 µm GDC electrolyte film (as shown in Fig. 5-4 B), 
which indicates that the electrical performance of anode-supported SOFC can be 
improved further by reducing the thickness of GDC electrolyte film. However, it is also 
observed that with decreasing the thickness of GDC electrolyte films from 4 µm to 0.5 
µm, the maximum power densities are decrease gradually. The decrease may be 
attributed to the electronic conductivity of GDC electrolyte thin films.  
 The OCVs of the anode-supported single cell with 4 µm GDC electrolyte film are 
0.96, 0.936 and 0.91 V at 500, 550 and 600 ºC, respectively. The OCV of the 
anode-supported single cell with 4 µm GDC electrolyte film is similar to the OCV of 
the anode-supported single cell with 16 µm GDC electrolyte film. This means that the 
GDC electrolyte films prepared by the spray dry co-pressing process are dense. 
In addition, the anode-supported single cell with 30 µm GDC electrolyte film shows 
the maximum power density of 633 mW/cm2 at 600 ºC, which is comparable with the 
power density of the anode-supported single cell with GDC electrolyte film of 30 µm 
prepared by the dry co-pressing process. This means that the electrical performance of 
anode-supported single cells prepared by the dry co-pressing process and spray & dry 
co-pressing process can be combined to evaluate the effect of thickness of GDC 
electrolyte thin films. 
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Fig. 5-5. I-V and I-P characteristics of anode-supported single cells with GDC 
electrolyte thin films of 0.5-30 µm prepared by the spray dry co-pressing process. 
 
 













































































































































































































































(A) 0.5 µm GDC (B) 1 µm GDC 
(C) 2 µm GDC (D) 3 µm GDC 
(E) 4 µm GDC (F) 30 µm GDC 
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5.3.2.3 Electrical performance of single cells fabricated by spray coating process 
 
The voltages and power densities of the anode-supported single cells with the GDC 
electrolyte thin films of 0.5-1 µm prepared by the spray coating process are shown in Fig. 
5-6 as a function of current density for different operating temperatures. The 
anode-supported single cell with the GDC electrolyte thin film of 1 µm shows better 
electrical performance. The OCVs are 0.76 and 0.70 V at 500 and 600 ºC, respectively. 
The maximum power densities are 64, 101 and 135 mW/cm2 at 500, 550 and 600 ºC, 
respectively. The electrical performance is comparable with that of the anode-supported 
single cell with the GDC electrolyte thin film of 1 µm prepared by the spray & dry 
co-pressing process. This means that the GDC electrolyte thin films prepared by the spray 
coating process are suitable as electrolytes for anode-supported SOFCs.  
However, compared with the spray & dry co-pressing process, the spray coating 
process is relatively complex. This process needs many coating-sintering cycles to reach 
1 µm GDC electrolyte thin film, which is time consuming and costly. Therefore, the spray 
coating process is only suitable to prepare electrolyte thin films with the thickness of less 




Fig. 5-6. I-V and I-P characteristics of the anode-supported single cells with 0.5-1 µm 
GDC electrolyte thin films prepared by the spray coating method. 
 
5.3.3 Effect of thickness of GDC electrolyte films on electrical performance 
 
The electrical performance of anode-supported single cells with different electrolyte 
thickness has been presented. The different anode-supported single cells show different 
electrical performance. Further more, it can be seen from Fig. 5-4 to Fig. 5-6 that the 
(B) 1 µm GDC film 
(A) 0.5 µm GDC film 





















































































electrical performance of these anode-supported SOFCs depends strongly on the 
thickness of GDC electrolyte films when keeping the other conditions identical. With 
the change of the thickness of GDC electrolyte films, the electrical performance of 
anode-supported single cells also changes, and the maximum power density at 600 ºC of 
anode-supported single cells as a function of thickness of GDC electrolyte films is 
shown in Fig. 5-7. It can be seen that the maximum power density of anode-supported 
single cells increases from 165 mW/cm2 to 771 mW/cm2 with decreasing the thickness 
of GDC electrolyte films from 75 µm to 4 µm. The increase is attributed to the decrease 
of the electrolyte resistance with reducing the electrolyte thickness. This indicates that 
reducing the thickness of electrolyte layers can improve obviously the electrical 
performance of anode-supported SOFCs. However, the maximum power density of 
anode-supported single cells decreases with reducing the thickness of GDC electrolyte 
films when the thickness of GDC electrolyte films is less than 4 µm. This indicates that 
reducing the electrolyte thickness is not helpful for improving the electrical 
performance of anode-supported single cells when the thickness of GDC electrolyte 
films is less than 4 µm. The reason for the low power density may be the increase of 
electronic conduction of GDC electrolyte thin films, whose effect on electrical 
performance is larger than that of decrease of electrolyte resistance. Thus, a peak 
maximum power density is obtained at about 4 µm with reducing the thickness of GDC 
electrolyte thin films.  
Fig. 5-8 shows the relation of maximum power densities at 500 and 550 ºC of 
anode-supported single cells and thickness of GDC electrolyte thin films. With reducing 
the thickness of GDC electrolyte thin films, similar trends for the maximum power 
densities at different operating temperatures are observed and both the peak maximum 
power densities are obtained at about 4 µm, which means that the change of operating 
temperature does not obviously shift the position of peak maximum power density. 
Fig. 5-9 shows the relation of power density at 0.6-0.8 V at 600 ºC of 
anode-supported single cells and thickness of GDC electrolyte thin films. With reducing 
the thickness of GDC electrolyte thin films, the change of power density at a certain 
voltage is similar with the change of maximum power density. All the peak power 
densities are obtained at about 4 µm, which means that the change of cell voltage does 
not obviously shift the position of peak power density. 
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Fig. 5-7. Maximum power densities at 600 ºC of anode-supported single cells with the 
GDC electrolyte thin films of different thickness prepared by the dry co-pressing 
method, spray & dry co-pressing method and spray coating method. 
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Fig. 5-8. Maximum power densities at 500 and 550 ºC of anode-supported single cells 
with the GDC electrolyte thin films of different thickness prepared by the dry 
co-pressing method, spray & dry co-pressing method and spray coating method. 
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(B) 500 ºC 
 141 
 
Fig. 5-9. Power densities at different voltages at 600 ºC of anode-supported single cells 
with the GDC electrolyte thin films of different thickness prepared by the dry 
co-pressing method, spray & dry co-pressing method and spray coating method. 































Thickness of GDC film (µm)
 
 































Thickness of GDC film (µm)
 
 




























Thickness of GDC film (µm)
 
 
(A) 0.6 V 
(B) 0.7 V 
(C) 0.8 V 
 142 
 
With the change of the thickness of GDC electrolyte films, the OCVs of 
anode-supported single cells also change obviously, and the relation of OCVs at 600 ºC 
of anode-supported single cells and thickness of GDC electrolyte films is shown in Fig. 
5-10. It can be seen that the OCV decreases with reducing the thickness of GDC 
electrolyte films. Especially, when the thickness of GDC electrolyte films is less than 4 
µm, the OCV decreases quickly with the decrease in the GDC electrolyte thickness. 
This means that the OCV of anode-supported single cells is strongly dependent on the 
thickness of GDC electrolyte films at fixed operating condition. 
In general, the OCV of a SOFC is related to the gas tightness of the electrolyte as 
well as the operating conditions. At fixed operating conditions, the OCV only depends 
on the density of the electrolyte. The presence of connecting pores and cracks in the 
electrolyte will result in an OCV value lower than the theoretical value. In this study, 
the operating conditions of all anode-supported single cells are the same and all the 
GDC electrolyte films are also gas-tight, so the decrease of OCV is attributed to the 
increased electronic conduction of GDC electrolyte thin films. As known well, ceria 
based electrolytes are mixed ionic-electronic conductors [22], and the partial reduction 
of ceria from Ce4+ to Ce3+ under reducing conditions gives rise to electronic conduction. 
The electronic conduction of ceria based electrolyte results in internal short circuit of 
SOFC, which lowers OCV of SOFC.  
The area specific resistances (ASRs) of single cells are also used to evaluate the 
effect of thickness of GDC electrolyte films on electrical performance of single cells. 
The ASRs of anode-supported single cells with the GDC electrolyte films of different 
thickness prepared by the dry co-pressing method and spray & dry co-pressing method 
are obtained from the slope of I-V curves at 600 °C and shown in Fig. 5-11. In this study, 
the anodes and cathodes of all anode-supported single cells are similar, so the effect of 
the electrodes can be regarded as the same. Thus, the change of ASR can be considered 
to be the change of electrolyte resistance. The electrolyte resistance should decrease 
linearly with decreasing the thickness of GDC electrolyte. It can be seen from Fig. 5-11 
that the ASR decreases linearly with decreasing the thickness of GDC electrolyte film 
from 75 µm to 4 µm. This means that decreasing the thickness of GDC electrolyte film 
can decrease obviously the electrolyte resistance and improve the electrical performance 




Fig. 5-10. OCVs at 600 ºC of anode-supported single cells with the GDC electrolyte 
thin films of different thickness prepared by the dry co-pressing method, spray & dry 
co-pressing method and spray coating method. 
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Fig. 5-11. ASRs at 600 ºC of anode-supported single cells with the GDC electrolyte thin 
films of different thickness prepared by the dry co-pressing method and spray & dry 
co-pressing method. 
 
However, the ASR increases quickly with a decrease in the thickness of GDC 
electrolyte film when the thickness of GDC electrolyte film is less than 4 µm. It has 
been known that the electronic conduction of GDC electrolyte film increases with 
decreasing the thickness of GDC electrolyte film. The increasing electronic conduction 
will increase the ionic conduction loss, which means that the electrolyte resistance 
increases due to the high ionic conduction loss. That is, high electronic conduction 
contributes to high electrolyte resistance. The decrease of electrolyte resistance from 
decreasing electrolyte thickness is smaller than the increase of electrolyte resistance 
from increasing electronic conduction at the electrolyte thickness of less than 4 µm. 
Therefore, the ASR increases quickly with a decrease in the thickness of GDC 
electrolyte film. In addition, the surface exchange reaction of oxygen on electrolyte 
becomes the rate-limiting step at a certain thickness of electrolyte [14], and thus further 
reduction in the thickness of GDC electrolyte film will increase the polarization 





5.3.4 Effect of thickness of GDC electrolyte films on electronic conduction  
 
In order to investigate the electronic conduction of GDC electrolyte films, theoretical 
calculation is made to examine the relationship between GDC electrolyte thickness and 
electronic conduction. GDC is a mixed ionic-electronic conductor in a reducing 
atmosphere. The I-V characteristic across GDC electrolyte depends not only on the 
thickness of electrolyte but also on the atmosphere and the current density. The 
following discussion is based on a steady state theory of local equilibrium [23]. For the 
sake of the completeness, the theoretical approach is described below. 
Let us suppose that an oxide plate with two electrodes on both sides is placed 





P  (as shown in 
Fig. 5-12). The fluxes of oxide ion and electron are assumed to be uniform at every 
cross section. The flux of cation is neglected in this section since the diffusion 
coefficients of cations are usually much smaller than those of oxygen and electron in the 
oxide. In a steady state, both oxide ion and electron currents are continuous across the 
electrolyte. Thus, the external current density (
extJ ) extracted from electrodes to circuit 
must be the sum of oxide ion and electron current densities in the electrolyte.  
  eOext JJJ += −2                           (5.1) 
where −2OJ
 is the oxide ion flux through the electrolyte, 
eJ


























+== −2 [A m-2] 
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For an ideal electrolyte, it has high oxide ion conductivity and no electronic 
conductivity. When it is placed between the two different oxygen partial gases, a Nernst 
type concentration cell voltage is expected under the open circuit condition. 
When the outer circuit is open, Jext is equal to zero. From the charge balance, oxide 














                                 (5.2) 
where −2Oσ
 is the oxide ionic conductivity of the electrolyte, F the Faraday constant and 
−2O
η the electrochemical potential of oxide ion. 
The oxide ion is pushed back by the electrical field which is generated by the motion 
of the oxide ion itself. This is explained as that the chemical potential of oxygen (
Oµ ) 
and the electrochemical potential of electron (













eOO ηµη                              (5.3) 
According to local equilibrium assumption, the chemical potential of oxygen in the 







+= µµ                                   (5.4) 
where *
Oµ  is the chemical potential at a standard state, R the gas constant, T absolute 
temperature and
2O
P  the oxygen partial pressure. 
The gradient of electrochemical potential of electron is represented with the oxygen 

















                          (5.5) 
To evaluate the open circuit voltage, the local equilibrium is assumed between the 
oxide surface and the electrode (as shown in Fig. 5-13). Thus, the terminal voltage (Vrev) 
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Fig. 5-13. EMF and the electrochemical potential of electron at the electrolyte surface 
[23]. 
 
  In reality, however, any solid oxide (electrolyte) materials have both electronic and 
ionic conductivities even if one of them is negligibly small. Sometimes, such a minority 
charge carriers affect the performances of SOFC components. If electronic conduction 
is not negligible in the electrolyte, the anode and the cathode are partly short-circuited 
by the electron flux through the electrolyte itself. In the open circuit condition, the oxide 
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where 
eσ
 is the oxide ionic conductivity of the electrolyte. Thus, the ratio of the 
electrochemical potential gradients of the oxide ion and the electron are determined by 
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ση                                  (5.11) 
Thus, the oxide ion flux and electron flux are obtained as  
1
eη
(electrode 1) eη (electrode 2) eη
2
eη
(terminal 1) eη (terminal 2) eη
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In SOFC operation condition, the terminal voltage and the oxide ion flux change 
accordingly to the current output. Chaudhury and Patterson [24] analyzed the oxygen 
chemical potential profile of mixed conductors and proposed a method to calculate them 









                                                (5.17) 
Here, r = -1 in open circuit condition and |r| > 1 in SOFC operation condition. Since 
oxygen and electron exchange takes place only at the surface of the electrolyte, r is 
constant throughout the electrolyte. For every r values, the oxygen flux and the terminal 
voltage can be derived as a function of the oxygen potential as was done for the open 
circuit condition. Thus, the electrochemical potential of electron and oxygen current 
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                             (5.22) 
By varying r, the I-V characteristics of the electrolyte can be calculated. 
 Thus, in the open circuit condition, the electron flux through the electrolyte can be 
calculated according to the Eq. (5.15). The equation manipulation can be found in the 
Appendix H. By changing the electrolyte thickness (L), the relation of electron flux 
through the electrolyte and electrolyte thickness can be obtained. The calculation was 
carried out for 600 ºC, based on the following ionic and electronic conductivities of 
GDC [25,26]. 
−2O
σ = 0.0253 S/cm 






OP   
The choice of o
eσ
 is based on the following discussion. Different doped ceria materials 
have different o
eσ
 and different literatures also give different 
o
eσ (as shown in Table 
5-1). The use of different o




 for doped ceria at 600-1000 °C. 
Doped ceria Temperature (°C) 0eσ  (S/cm) Ref. 
600 1.78×10-8 








800 6.08×10-6 20GDC 
900 5.33×10-5 
700 4.37×10-7 











10GDC 600 5.48×10-8 (calculated value)  
 150 
small o
eσ gives low electron flux and the large
o
eσ gives high electron flux.To evaluate the 
effect of electron conduction, a reasonable 
o
eσ  needs to be adopted. In this study, the 
electrolyte material is 10GDC. Thus, the 
o
eσ  of 10GDC should be adopted. However, 
there is no o




calculated from the values at 800 and 1000 ºC of 10GDC [26] according to linear 
change of temperature versus logarithm of electronic conductivity and the calculated 
value is 5.48×10-8 S/cm. 
When the oxygen partial pressures at cathode and anode are 1.00 atm and 1.24×10-27 
atm, the calculated electron fluxes through GDC electrolytes with different thickness are 
shown in Fig. 5-14. It can be seen that the electron flux increases with the decrease in 
the thickness of GDC electrolyte film. When the thickness of GDC electrolyte films is 
larger than 10 µm, the change of electron flux is not obvious. But the electron flux 
increases quickly with reducing the thickness of GDC electrolyte films when the 
thickness of GDC electrolyte films is less than 5 µm. This means that reducing the 
thickness of GDC electrolyte films to less than 5 µm is not favorable because electron 
flux through GDC electrolyte increases obviously, which will lower the OCV and 
electrical performance of anode-supported SOFCs.  
According to Eq. (5.16), the theoretical OCV (OCVth) can be calculated. The 
calculated OCVth at 600 ºC is 0.975 V. Thus, the OCV loss can be obtained using OCVth 
minus measured OCV. The relation of OCV loss and thickness of GDC electrolyte films 
is shown in Fig. 5-15. It can be seen that the OCV loss increases with the decrease in the 
thickness of GDC electrolyte films. In particular, the OCV loss increases quickly with 
reducing the thickness of GDC electrolyte films when the thickness of GDC electrolyte 
films is less than 5 µm. With reducing the thickness of GDC electrolyte films, the trend 
of OCV loss is similar with the trend of electron flux through GDC electrolyte (as 
shown in Fig. 5-16). It has been concluded that the GDC electrolyte films are gas-tight, 
which means that there is no effect of gas-leak on the OCV loss. In addition, the 
pressure and flow rate of the gases are the same for all the tests, and thus there should 
be also no effect of flow rate of the gases on the OCV loss. It is known that the 
electronic conduction of electrolyte results in internal short circuit of SOFC, which 
lowers OCV of SOFC. Thus, the electron flux through GDC electrolytes results in 
internal short circuit of SOFC and lowers the OCV of SOFC, which leads to the OCV 
loss. The electron flux through GDC electrolytes increases with reducing the thickness 
of GDC electrolyte films, which results in the increase of the OCV loss with the 
decrease in the thickness of GDC electrolyte films. Therefore, the OCV of SOFCs 
decreases with reducing the thickness of GDC electrolyte films (as shown in Fig. 5-10). 
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Fig. 5-14. The relation of calculated electron flux and thickness of GDC electrolyte 
films.   
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Fig. 5-16. The relation of calculated electron flux and OCV loss at 600 °C and thickness 




In addition, the optimum thickness of the electrolyte can be determined considering 
both the electron flux and the ohmic loss. The Gibbs’ free energy-based efficiency of 
energy conversion is defined as [23] 



























ε                      (5.23)   
where JextVterm is the extracted electrical energy and revO VJ −2  is the consumed free 
energy. If the voltage loss at the electrodes are neglected, the efficiency related to the 
electrolyte performance can be calculated by using Eqs.(5.20)-(5.22). Fig. 5-17 shows 
the calculated efficiency at 600 ºC plotted against the electrolyte thickness. Here, the Jext 
is fixed at 10 mA/cm2. It can be seen that the highest efficiency is obtained at the GDC 
electrolyte thickness of 8 µm. when the thickness of GDC electrolyte increases, the 
efficiency goes down due to the ohmic loss. In contrast, reducing the thickness of GDC 
electrolyte, the efficiency decreases due to the increased electron flux.  
 
























Due to the effect of the increased electron flux, reducing the thickness of GDC 
electrolyte layers decreases not only the power density but also the electrolyte efficiency. 
In practical operation, the energy conversion efficiency of single cells has not been 
measured. Here, the theoretical calculation of electrolyte efficiency is provided as a 
supplement to the effect of electrolyte thickness. The highest efficiency doesn’t 
represent that the single cell has the highest power density. But the highest efficiency 
and the highest power density are expected for single cell in practical operation.  
Based on the above discussion, we can conclude that for GDC electrolyte there is an 
optimum thickness to obtain the best electrical performance and efficiency. Considering 
the power density and energy conversion efficiency, the optimum thickness of the GDC 
electrolyte is in the range of 4-8 µm. The change of the operating temperatures and 
operating voltages doesn’t affect the optimum thickness of the GDC electrolyte. In 
addition, the change of grain size of electrolyte is also thought not to affect the optimum 
thickness of the GDC electrolyte, when the grain size of GDC electrolyte is larger than 
100 nm. This is due to the fact that the electronic and ionic conductivity of electrolyte 
are not affected by the change of grain size when the grain size of electrolyte is larger 
than 100 nm (see Appendix I).  
 
5.3.5 Improvement of electrical performance of anode-supported single cells 
 
The effect of thickness of GDC electrolyte films has been investigated, and results 
show that there is an optimized thickness for the GDC electrolyte layer. This means that 
it is unable to improve further electrical performance of single cells by reducing the 
thickness of GDC electrolyte layer except for applying new electrolyte materials. For 
anode, it is also difficulty to improve further electrical performance of single cells by 
changing the microstructure of anode due to the co-sintering of electrolyte and anode 
except for applying new design and new materials. The preparation of the cathode is the 
last one-step. Thus, the electrical performance of single cells can be improved further by 
changing the microstructure of cathode.  
  In this section, the electrical performance of single cells is improved further by 
lowering the sintering temperature of LSCF cathodes. The anode-supported single cells 
with GDC electrolyte films of different thickness are fabricated and their LSCF 
cathodes are sintered at 700 °C. Fig. 5-18 shows the I-V and I-P characteristics of the 
anode-supported single cells with the LSCF cathodes sintered at 700 °C. The maximum 
power density of 992 mW/cm2 is obtained at 600 °C in this study. Fig. 5-19 shows the 
maximum power densities at different operating temperatures of ceria-based and 
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YSZ-based SOFCs from this study and the literatures [31-76]. It can be seen that the 
single cell with GDC electrolyte fabricated in this study also shows higher power 
density, which comes close to the best value reported. However, those anode-supported 
single cells with the best electrical performance are based on the SDC electrolytes and 
Ba0.5Sr0.5Co0.8Fe0.2O3 (BSCF) cathodes (see the Appendix A).  
The maximum power densities at 600 °C of the anode-supported single cells with the 
LSCF cathodes sintered at 700 °C are shown in Fig. 5-20. For comparison, the 
maximum power densities at 600 °C of the anode-supported single cells with the LSCF 
cathodes sintered at 900 °C are also shown in the Fig. 5-20. It can be seen that with 
changing the thickness of GDC electrolyte films there is a similar trend for the change 
of maximum power densities of the anode-supported single cells with the LSCF 
cathodes sintered at 700 °C and 900 °C. However, the anode-supported single cells with 
the LSCF cathodes sintered at 700 °C show higher maximum power density than the 
anode-supported single cells with the LSCF cathodes sintered at 900 °C. This means 
that improving the microstructure of cathode can increase obviously the electrical 





Fig. 5-18. I-V and I-P characteristics of anode-supported single cells with LSCF 
cathodes sintered at 700 °C. 
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(C) 40 µm GDC 
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Fig. 5-19. Maximum power densities at different operating temperatures of ceria-based 
and YSZ-based SOFCs from this study and the literatures [31-76]. 
















 LSCF, 700 °C (this study)






















Fig. 5-20. Maximum power densities at 600 °C vs. thickness of GDC electrolytes for 
anode-supported single cells from this study and the literatures [31-35]. 
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In addition, the maximum power densities at 600 °C for GDC-based SOFCs from the 
literatures [31-35] are also shown in Fig. 5-20. Here, all the single cells have same 
electrolyte materials (GDC) and anode materials (Ni-GDC), and dissimilar cathode 
materials (LSCF or LSCF-GDC). It can be seen that the single cell fabricated in this 
study shows higher power density than the single cells from literatures. The high 
electrical performance in this study is attributed to the following explanation (as shown 
in Fig. 5-21). 
(1) Improving the microstructure of anode: NiO-GDC nanocomposite powders are 
adopted to prepare anode, which results in uniform microstructure with relatively 
small grain size. The uniform microstructure of anode enhances the 
electrochemical reaction of anode. Therefore, the electrical performance is 
improved. 
(2) Improving the microstructure of cathode: LSCF nanopowders are adopted to 
prepare cathode, which results in nanstructure. The nanostructure of cathode 
enhances the electrochemical reaction of cathode. Therefore, the electrical 
performance is improved. 
(3) Preparing thin and gas-tight GDC electrolyte thin film by co-pressing and 
co-sintering of electrolyte film and anode: The thin and gas-tight GDC electrolyte 
thin film is well adhered to anode and no delamination is observed after electrical 
performance testing. The thinner GDC electrolyte decreases ohmic loss and 
improves the electrical performance. 
Therefore, high electrical performance can be obtained at low operating temperatures 










The effect of thickness of GDC electrolyte thin films on electrical performance of 
anode-supported single cells is investigated systemically. Results show that reducing the 
thickness of GDC electrolyte thin films can improve obviously the power density of 
anode-supported single cell. With reducing the thickness of GDC electrolyte thin films, 
anode-supported single cell with 4 µm GDC electrolyte thin film shows the highest 
power density. When the thickness of GDC electrolyte thin film is less than 4 µm, the 
electron flux through GDC electrolyte thin film increases quickly with the decrease in 
the thickness of GDC electrolyte thin film, and thus further reduction in the thickness of 
GDC electrolyte thin film is not helpful for improving electrical performance of 
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Low temperature solid oxide fuel cells (SOFCs) have attracted more attention due to 
low operating temperatures enhancing the long-term performance stability, widening the 
material selection, lessening the sealing problem, enabling the use of low-cost metallic 
interconnects and accelerating the commercialization of SOFCs. However, low 
operating temperatures result in the increase of electrolyte resistance and high electrode 
overpotential, which decrease the electrochemical performance of SOFCs. The 
objective of this study is to improve the electrochemical performance of anode- 
supported SOFCs at low operating temperature. The main findings and conclusions of 
this study are presented as follows. 
In chapter 2, the synthesis of electrode powder materials (NiO-GDC nanocomposite 
powders and LSCF nanopowders) is investigated. The homogenous NiO-GDC 
nanocomposite powders with average particle size in the range of 8-40 nm have been 
successfully synthesized by hydroxide precipitation method. The synthesized NiO-GDC 
nanocomposite powders show uniform distribution of Ni and GDC in nano-scale. The 
NiO-GDC nanocomposite powders can be synthesized at relatively low temperatures 
(≥300 °C), which is helpful to synthesize nanocomposite powders with smaller particle 
size and narrower particle size distribution. The LSCF nanopowders with single 
perovskite phase have been successfully synthesized by citric acid gel combustion 
method. The LSCF nanopowders synthesized at 700 ºC have an average particle size of 
less than 30 nm and high specific surface area of 25.65 m2/g, which will provide higher 
sintering activity and larger TPB. 
In chapter 3, the preparation of GDC electrolyte thin films on porous anode substrates 
is investigated. Three film techniques, dry co-pressing method, spray dry co-pressing 
method and spray coating method, are developed to prepare GDC electrolyte films with 
different thickness. Gas-tight GDC electrolyte thin films with the thickness of 0.5-75 
µm are successfully fabricated on porous NiO-GDC substrates by the dry co-pressing 
method, spray dry co-pressing method and spray coating method. The porosity of the 
porous NiO-GDC substrates is about 23%. The GDC electrolyte thin films are well 
adhered to the porous NiO-GDC substrates. There are no cracks and delamination 
observed. The spray dry co-pressing method is the optimum method to prepare 
electrolyte thin films on porous substrates. The prepared electrolyte thin films have 
uniform thickness and the thickness can be controlled easily by changing the number of 
spray-coating layers. The dry co-pressing method is suitable to prepare relatively thick 
electrolyte films with the thickness of larger than 30 µm. The spray coating method is 
an effective method to prepare relatively thin electrolyte films with the thickness of less 
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than 1 µm at relatively low temperatures. 
In chapter 4, the effect of microstructure of electrodes (anode and cathode) on 
electrical performance of anode-supported single cells is examined. Two types of 
NiO-GDC nanopowders prepared by precipitation method and mechanical mixing 
method are used to investigate the effect of anode microstructure on electrical 
performance of anode-supported single cells. Anode-supported single cell with Ni-GDC 
anode fabricated by the precipitation method shows higher power density than 
anode-supported single cell with Ni-GDC anode fabricated by the mechanical mixing 
method, which is attributed to improved anode microstructure. Anode fabricated by the 
precipitation method has uniform microstructure due to the uniform distribution of Ni 
and GDC, which results in larger length of TPB and increases obviously 
electrochemical reaction. Results show that the anode microstructure affects strongly 
electrical performance of anode-supported SOFCs. 
LSCF nanoparticles are used to investigate the effect of cathode microstructure on 
electrical performance of anode-supported single cells. Different microstructures of 
cathodes are obtained by changing the sintering temperature of LSCF cathodes. 
Lowering sintering temperature of LSCF cathodes decreases obviously grain size of 
LSCF and results in a nanostructure. Single cell with the LSCF cathode sintered at 700 
ºC shows the highest power density in the single cells with the LSCF cathodes sintered 
at 700-1100 ºC, which is attributed to the nanostructure. Results show that electrical 
performance of anode-supported SOFCs depends strongly on the cathode 
microstructure. 
In chapter 5, the evaluation of electrical performance of anode-supported single cells 
with the GDC electrolyte thin films prepared by the dry co-pressing method, spray dry 
co-pressing method and spray coating method is preformed. Results show that the GDC 
electrolyte thin films prepared the dry co-pressing method, spray dry co-pressing 
method and spray coating method can be used as electrolytes for anode-supported 
SOFCs and good electrical performance is obtained by the use of the GDC electrolyte 
thin films. 
The effect of thickness of GDC electrolyte thin films on electrical performance of 
anode-supported single cells is investigated systemically. Results show that reducing the 
thickness of GDC electrolyte thin films can improve obviously the power density of 
anode-supported single cell. With reducing the thickness of GDC electrolyte thin films, 
anode-supported single cell with 4 µm GDC electrolyte thin film shows the highest 
power density. When the thickness of GDC electrolyte thin film is less than 4 µm, the 
electron flux through GDC electrolyte thin film increases quickly with the decrease in 
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the thickness of GDC electrolyte thin film, and thus further reduction in the thickness of 
GDC electrolyte thin film is not helpful for improving electrical performance of 
anode-supported single cell. 
Thus, to fabricate anode-supported SOFCs with high electrical performance at low 
operating temperature, the following points are recommended. 
(1) Applying nanopowders or nanocomposite powders to prepare electrolyte and 
electrodes. 
(2) Applying thinner electrolyte films, but there is an optimization thickness for 
ceria-based electrolyte. 
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Summary of component materials, preparation method and 





























  Various solid oxide fuel cells (SOFCs) based on different materials and preparation 
methods have been extensively researched in the past few decades. All the SOFCs 
reported with electrical performance evaluation [1-62] are summarized and the 
component materials, preparation method and maximum power densities at different 
































Table A-1. Component materials, preparation method and maximum power densities at different temperatures of SOFCs 
Electrolyte Maximum power density (mW/cm2)  




material 450 °C 500 °C 550 °C 600 °C 650 °C 700 °C 750 °C 800 °C 850 °C 900 °C 
Ref. 
 
YSZ 75 nm Sputtering Pt Pt - 90 141 - - - - - - - 1 Micro-SOFC 
SDC 30 µm Dry pressing LSM-SDC Ni-SDC - 152 226 463 - - - - - - 2  
SDC - Dry pressing PSCC-35SDC Ni-SDC - - - 204 388 615 - - - - 3  
ScSZ 30 µm Dry pressing LSSM Ni-ScSZ - - - - 200 - 650 - 1300 - 4  
SDC-YSZ 11 µm-4 µm Drop coating PNSM-SDC Ni-SDC - - - - 166 290 472 657 - - 5  
ScSZ 10 µm - LSCF-GDC Ni-ScSZ - - - 470 680 - - - - - 6 Micro-SOFC 
YSZ 16 µm Tape casting LSCF Ni-YSZ - - - - - 180 340 590 - - 7  
GDC 19 µm Spin coating LSCF-GDC Ni-GDC - 130 253 386 492 - - - - - 8  
YSZ 750 nm PLD Pt Pt - - 150 - - - - - - - 9 Micro-SOFC 
SDC-ScSZ 4 µm-2 µm Screen printing SSC Ni-ScSZ - - 127 281 545 850 1326 1800 - - 10  




Ag-LSM Ni-SSZ - - - - 165 - 570 - - - 12  
YSZ 9 µm Spin coating LSM-YSZ Ni-YSZ - - - - - 270 450 650 840 1070 13  
GDC 20 µm Dip coating LSCF-GDC Ni-GDC 110 205 350 - - - - - - - 14 Micro-SOFC 
YSZ-SDC 4 µm-1 µm EPD LSCF Ni-YSZ - - - - - 600 - - - - 15  
SDC - Spin coating BSSCF Ni-SDC - 268 442 681 820 - - - - - 16  
LSGM 300 µm Dry pressing SCF Ni-Fe+SDC - - - 150 300 600 1020 1410 - - 17  
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Table A-1 (continued) 
SDC 19 µm Tape casting SSC-SDC Ni-SDC 118 253 458 749 1011 - - - -   18  
YSZ 8 µm Spin coating LSM-SDC Ni-YSZ - - - - - 676 965 1420 - - 19  
SDC-ScSZ 6 µm-1 µm PLD SSC Ni-SDC - 240 500 900 - 1600 - - - - 20  
YSZ 7 µm Filter coating LSM-YSZ Ni-YSZ - - - - - 286 500 1050 1309 - 21  
YSZ-SDC 5 µm-15 µm Screen printing SSC Ni-YSZ - - - 180 370 600 830 - - - 22  
GDC 20 µm Dip coating LSCF-GDC Ni-GDC 110 205 350 - - - - - - - 23 Micro-SOFC 
YSZ 240 µm Tape casting LSCF-GDC Ni-GDC - - - 138 - 319 - 471 551 - 24  
YSZ 15 µm Dip coating LSM-YSZ Ni-YSZ - - - - - 280 350 480 560 - 25  
LSGM 130 µm Tape casting LSC Ni-SDC - - - - - 410 - 700 - - 26  
YSZ 30 µm Slurry coating LSM-SDC Ni-YSZ - - - - 190 390 530 - - - 27  
YSZ 10 µm Slurry coating LSM-YSZ Ni-YSZ - - - - - 280 510 950 - - 28  
YSZ 31 µm 
Centrifugal 
casting 
LSCF-GDC Ni-YSZ - - - 140 240 390 530 652 - - 29  
SDC 160 µm Dry pressing PSCC Ni-SDC - - - - 191 406 481 - - - 30  




LSCF-LSGM Ni-LDC - - 150 280 570 840 1090 - - - 32  
YSZ 14 µm Spin coating LSM-SDC Ni-YSZ - - - 316 493 634 - - - - 33  
YSZ 31 µm Screen printing LSM-YSZ Ni-YSZ - - - - 180 330 580 970 1300 - 34  




Table A-1 (continued) 
GDC 210 µm Dry pressing SSC-GDC Ni-GDC - - 140 220 320 402 - - - - 36  
CYO/YSZ/
CYO 
0.4-1.2 µm Spray pyrolysis LSCF Ni-YSZ - - - - - 540 - - - - 37  
GDC 10 µm 
Solid state 
reaction 
LSCF-GDC Ni-GDC - 167 358 578 - - - - - - 38  
GDC 20 µm Dry pressing SSC-GDC Ni-GDC - 145 270 400 - - - - - - 39  
YSZ 10 µm 
Colloidal 
deposition 
LSM-YSZ Ni-YSZ - - - - - - - 1935 - - 40  
ScSZ 20 µm Slurry coating LSM-GDC Ni-GDC - - 47 79 163 298 453 - - - 41 Micro-SOFC 
ScSZ/GDC 30 -15 µm Dip coating LSM Ni-GDC - 10 - 43 - 135 - 312 - - 42 Micro-SOFC 
GDC 12-15 µm Dip coating LSCF-GDC Ni-GDC - 110 130 160 - - - - - - 43  
GDC 15 µm Dip coating LSCF-GDC Ni-GDC 100 200 400 - - - - - - - 44 Micro-SOFC 
LSGM 200 µm Dry pressing SCF Ni-LDC - - - 190 - 630 - 1400 - - 45  
GDC 30 µm Dip coating LSCF-GDC Ni-GDC - 140 300 - - - - - - - 46  
GDC/BCY/
GDC 
30-35 µm Tape casting SSC Ni-SDC - 273 - 731 - 1025 - - - - 47  
YSZ 20 µm Screen printing LCM-YSZ Ni-YSZ - - - - - 192 300 488 669 1006 48  
SDC 15 µm ESD LSCF Ni-SDC - 120 280 530 910 1180 - - - - 49  
SDC 50 µm Tape casting SSC-SDC Ni-SDC - 30 - 100 - 260 - - - - 50  
YSZ 30 µm Dip coating LSM Ni-YSZ - - - - 60 90 140 190 - - 51  
YSZ 15 µm Screen printing LSM Ni-YSZ - - - - - 950 - - - - 52  
YSZ 26 µm Slurry coating LSM-YSZ Ni-YSZ - - - - 208 513 837 1116 1234 - 53  
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Table A-1 (continued) 
YSZ 5 µm Tape casting LCM-YSZ Ni-YSZ - - - 90 300 550 - - - - 54  
GDC 4 9 µm Dry pressing LSCF-GDC Ni-GDC - 139 257 422 562 - - - - - 55  
LCP-oxide-
carbonate 




- 500 - 800 - - - - - - 56  
YSZ 4 5 µm Spray coating LSM-YSZ Ni-YSZ - - - - 140 260 520 900 - - 57  
SDC 20 µm Spin coating BSCF Ni-SDC - 292 521 884 1213 - - - - - 58  
ScSZ 10 µm Dip coating LSCF-GDC Ni-ScSZ - - - - 1480 - - - - - 59 Micro-SOFC 
GDC 10-20 µm Dip coating LSCF-GDC Ni-GDC - 400 857 - - - - - - - 60 Micro-SOFC 
GDC 15 µm Dip coating LSCF-GDC Ni-GDC - 110 130 160 - - - - - - 61 Micro-SOFC 
SDC 20 µm Dry pressing BSCF Ni-SDC - 402 630 1010 - - - - - - 62  
 
* YSZ: yttria-stabilized zirconia                              SDC: samarium doped ceria  
GDC: gadolinia-doped ceria                                ScSZ: scandia stabilized zirconia 
LSGM: strontium and magnesium doped lanthanum gallate       CYO: ceria yttria solid solution 
LSM: lanthanum strontium manganate                        LSCF: lanthanum strontium cobalt ferrite  
PSCC: Praseodymium strontium cobalt cupper                 SSC: strontium-doped samarium cobaltite 
BSCF: barium strontium cobalt ferrite                        PLD: pulsed laser deposition 
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Notes of calculation for amount of starting materials used in 





























B.1 Calculation of amount of starting materials used in NiO-Ce0.9Gd0.1O1.95 
(NiO-GDC) nanopowder synthesis 
 
  Here, NiO:GDC = 60:40 mass% 
Ce:Gd = 90:10 mol% 
  Thus, in 10.00g NiO-GDC nanopowders, the mass amount of NiO and GDC is 6.00g 
and 4.00g, respectively. The molar amount of Ni, Ce, and Gd can be calculated as 
follow:  
 




NiO ofweight Molecular 
NiO of Mass
== mol 





GDC ofweight Molecular 
GDC of Mass
=×=× mol 









  From the molar amount of Ni, Ce and Gd, the mass amount of Ce(NO3)3·6H2O, 
Gd(NO3)3·6H2O and Ni(NO3)2·6H2O can be calculated as follow: 
 
    Mass amount of Ni(NO3)2·6H2O: 
Molecular weight of Ni(NO3)2·6H2O × Molar amount of Ni = 290.79 × 0.0803  
= 23.35 g 
Mass amount of Ce(NO3)3·6H2O: 
Molecular weight of Ce(NO3)3·6H2O × Molar amount of Ce = 434.22 × 0.0208 
= 9.03 g 
Mass amount of Gd(NO3)3·6H2O: 
Molecular weight of Gd(NO3)3·6H2O × Molar amount of Gd = 451.36 × 0.00231 
= 1.04 g 
 
  Thus, to synthesize 10.00g NiO-GDC nanopowders, the mass amount of 




B.2 Calculation of amount of starting materials used in La0.8Sr0.2Co0.8Fe0.2O3 
(LSCF) nanopowder synthesis 
 
(1) Citric acid gel combustion method 
 
  Here, La:Sr:Co:Fe = 80:20:80:20 mol% 
  Thus, in 0.1 mol LSCF nanopowders, the molar amount of La, Sr, Co and Fe is 0.08, 
0.02, 0.08 and 0.02 mol, respectively. From the molar amount of Ni, Ce and Gd, the 
mass amount of La(NO3)3·6H2O, Sr(NO3)2, Co(NO3)3·6H2O, and Fe(NO3)3·9H2O can be 
calculated as follow: 
 
  Mass amount of La(NO3)3·6H2O: 
Molecular weight of La(NO3)3·6H2O × Molar amount of La = 433.01 × 0.08      
= 34.64 g 
Mass amount of Sr(NO3)2: 
Molecular weight of Sr(NO3)2 × Molar amount of Sr = 211.63 × 0.02 
      = 4.23 g 
Mass amount of Co(NO3)3·6H2O: 
Molecular weight of Co(NO3)3·6H2O × Molar amount of Co = 291.03 × 0.08      
= 23.28 g 
Mass amount of Fe(NO3)3·9H2O: 
Molecular weight of Fe(NO3)3·9H2O × Molar amount of Fe = 404.00 × 0.02      
= 8.08 g 
 
  Thus, to synthesize 0.025 mol LSCF nanopowders (5.87g), the mass amount of 
La(NO3)3·6H2O, Sr(NO3)2, Co(NO3)3·6H2O, and Fe(NO3)3·9H2O is 8.66, 1.06, 5.82 and 
2.02 g, respectively. 
  
(2) Conventional solid state reaction method 
 
Here, La:Sr:Co:Fe = 80:20:80:20 mol% 
  Thus, in 0.1 mol LSCF nanopowders, the molar amount of La, Sr, Co and Fe is 0.08, 
0.02, 0.08 and 0.02 mol, respectively. From the molar amount of Ni, Ce and Gd, the 
mass amount of La2O3, SrO, Co2O3, and Fe2O3 can be calculated as follow: 
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  Mass amount of La2O3: 
Molecular weight of La2O3 × Molar amount of La / 2 = 325.81 × 0.04  
        = 13.03 g 
Mass amount of SrO: 
Molecular weight of SrO × Molar amount of Sr = 103.62 × 0.02 
  = 2.07 g 
Mass amount of Co2O3: 
Molecular weight of Co2O3 × Molar amount of Co / 2 = 165.87 × 0.04 
        = 6.63 g 
Mass amount of Fe2O3: 
Molecular weight of Fe2O3 × Molar amount of Fe / 2 = 159.67 × 0.01 
         = 1.60 g 
  Thus, to synthesize 0.05 mol LSCF nanopowders (11.74g), the mass amount of La2O3, 
SrO, Co2O3, and Fe2O3 is 6.52, 1.04, 3.32 and 0.80 g, respectively. 
 
B.3 Calculation of amount of starting materials used in Ce0.9Gd0.1O1.95 (GDC) 
nanopowder synthesis 
 
Here, Ce:Gd = 90:10 mol%. Thus, to synthesize 4.00g GDC nanopowders, the molar 
amount of Ce and Gd can be calculated as follow:  
 





GDC ofweight Molecular 
GDC of Mass
=×=× mol 





GDC ofweight Molecular 
GDC of Mass
=×=× mol 
From the molar amount of Ce and Gd, the mass amount of Ce(NO3)3·6H2O and 
Gd(NO3)3·6H2O can be calculated as follow: 
 
Mass amount of Ce(NO3)3·6H2O: 
Molecular weight of Ce(NO3)3·6H2O × Molar amount of Ce = 434.22 × 0.0208 
= 9.03 g 
Mass amount of Gd(NO3)3·6H2O: 
Molecular weight of Gd(NO3)3·6H2O × Molar amount of Gd = 451.36 × 0.00231 








































Solid oxide fuel cell (SOFC) consists of a porous anode, a dense electrolyte and a 
porous cathode, and is one of the most promising power generation systems that have 
high conversion efficiency and low environmental pollution [1-3]. For now, many 
efforts have been dedicated to lowering the operating temperature of SOFC [4-8]. Low 
operating temperatures can enhance the long-term performance stability, widen the 
material selection, lessen the sealing problem, enable the use of low-cost metallic 
interconnects and accelerate the commercialization of SOFCs. However, low operating 
temperatures will also result in high polarization loss of electrodes, which decreases 
electrical performance of SOFC [9,10]. Thus, development of high performance 
electrodes will be very important for SOFC operated at low temperatures. 
The anode should have good electrochemical activity to oxidize fuels, high electronic 
conductivity, proper porosity and thermal expansion compatibility with other 
components of the cell [11]. Nickel yttria-stabilized zirconia (Ni-YSZ) cermets are the 
most common anode materials because of their stability, conductivity, thermal 
expansion compatibility and catalytic activity [12-15]. But the activity of Ni-YSZ anode 
is not high enough for SOFC operated at low temperatures due to the low oxygen ion 
conductivity of YSZ at low temperatures. Samaria-doped ceria (SDC) demonstrates 
higher oxygen ion conductivity than YSZ at low temperatures [16]. Therefore, Ni-SDC 
cermet is suggested to be the suitable anode for SOFC operated at low temperatures.  
The performance of anode depends not only on its chemical composition, but also on 
its microstructure. Increasing electrochemical reaction of anode will decrease the 
polarization loss of anode. The electrochemical reaction occurs at triple phase boundary 
(TPB) of Ni-SDC-gas. It has been demonstrated that the length of the TPB correlates 
well with the reaction rate for electrochemical oxidation of hydrogen [17,18]. Thus, 
increasing the length of TPB will increase the electrochemical reaction and improve 
anode performance. The length of TPB relates to the microstructure of anode which is 
affected by the grain size and distribution of Ni and SDC phase in the Ni-SDC anode. 
Large TPBs can be obtained from homogeneous and contiguous structure of pores, Ni 
and SDC fine grains. 
The performance of the Ni-SDC cermet is critically dependent on the microstructure 
and the distribution of Ni and SDC phases in the cermet [19,20]. This in turn is closely 
related to the characteristics of the NiO and GDC powders and the fabrication process. 
Conventionally, anode materials are obtained by the mechanical mixing method, where 
separately prepared NiO and SDC powders are mixed and sintered to form Ni-SDC 
cermets [21,22]. This method is a simple manufacture technique and allows for accurate 
chemical composition, but it may lead to a nonuniform distribution of Ni in the Ni-SDC 
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anode and hence a poor performance. To improve microstructure and performance of 
Ni-SDC anodes, it is necessary to develop NiO-SDC composite powders which have 
uniform distribution of elements. Some techniques such as solution combustion process 
[23,24], spray pyrolysis [25], polymeric organic complex solution method [26], 
buffer-solution method [27], gel-precipitation method [28] and so on have been 
developed to directly synthesize NiO-YSZ composite powders. However, a few works 
were reported on the synthesis of NiO-SDC composite powders. Yin et al. [29] 
synthesized the NiO-SDC composite powders using gel-casting technique with nitrate 
precursors. Chen et al. [30] reported a urea-combustion technique using nitrate and urea 
as raw materials to synthesize the NiO-SDC composite powders. Kawano et al. [31] 
investigated the synthesis of NiO-SDC composite particles by spray pyrolysis method 
from the starting solution containing citric acid without preheat treatment. 
In the chemical solution preparation techniques, precipitation method is a simple and 
promising process to produce homogeneous and small-sized powders and can assure a 
very uniform distribution of NiO particles in the ceramic matrix. The purpose of this 
paper is to synthesize NiO-SDC nanocomposite powders by hydroxide precipitation 
process using NH3·H2O, NaOH and NH3·H2O+NaOH as precipitation agents, with an 
emphasis on the comparison of three types of samples. The effect of different 
precipitation agents on crystal phase, crystallite size, particle size, particle size 
distribution and sintering ability of the synthesized NiO-SDC nanocomposite powders 




The NiO-SDC nanocomposite powders (NiO:SDC=60:40 in weight) were 
synthesized by hydroxide precipitation method using Ce(NO3)3·6H2O (Kanto Chemical 
Co., 99.99%), Sm(NO3)3·6H2O (Kanto Chemical Co., 99.95%) and Ni(NO3)2·6H2O 
(Kanto Chemical Co., 99.95%) as raw materials, NH3·H2O (Kanto Chemical Co., 
28.0%), NaOH (Kanto Chemical Co., 97.0%) and NH3·H2O+NaOH as precipitation 
agents. The appropriate proportion of Ce(NO3)3·6H2O, Sm(NO3)3·6H2O and 
Ni(NO3)2·6H2O were dissolved in distilled water. The precipitation was achieved 
through the addition of precipitation agent. Sample-1 was synthesized using NH3·H2O, 
which was added dropwise until a pH value of 9 was reached. Sample-2 was 
synthesized using NaOH, which was added dropwise until a pH value of 13 was reached. 
Sample-3 was synthesized using NH3·H2O+NaOH, where NH3·H2O was firstly added to 
a pH of 7 and NaOH was then added dropwise to a pH of 13. Following the 
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precipitation, the precipitate was washed with distilled water for three times. After 
washing, the precipitate was dried and calcined at 200-900 °C for 1 h to obtain 
NiO-SDC nanocomposite powders.  
Differential thermal analysis and thermogravimetric analysis (DTA/TG) of the dried 
precursor was made on a TG-DTA analyzer (thermplus 8120, Japan) in air with a 
heating rate of 10 ºC/min, using alumina cup as the sample container and alpha-alumina 
as the reference. 
Phase identification of the synthesized powders was performed by X-ray diffraction 
(XRD, MX21, Mac Science, Japan) operating with a voltage of 40 kV and current of 40 
mA using CuKα radiation (λ=1.5406 Å). The crystallite size of the synthesized powders 





=D                   (A-1)  
where D is the crystallite size, λ the wavelength of the radiation, θ the diffraction angle, 
and β the full width at half-maximum (FWHM) measured in 2θ and expressed in 
radians. 
The morphology and particle sizes of the synthesized powders were examined by 
transmission electron microscopy (TEM, HF-2000, Hitachi, Japan). For TEM analysis, 
the NiO-SDC powders were dispersed in ethanol and ultrasonicated for 15 min to form 
suspension. Samples were prepared by dropping a small amount of the suspension on a 
copper grid coated with a thin amorphous carbon film. The particle size distributions 
were calculated from TEM micrographs by measuring more than 100 particles. 
Sintering experiments were performed by uniaxially pressing the NiO-SDC 
nanocompostie powders with a pressure of approximately 200 MPa to form 10 mm 
green disks. The disks prepared using the NiO-SDC nanocompostie powders 
synthesized with NaOH were denoted as Disk-2. The disks prepared using the 
NiO-SDC nanocompostie powders synthesized with NH3·H2O+NaOH were denoted as 
Disk-3. The Disk-2 and Disk-3 were then sintered in air at 900-1400 ºC for 2 h. The 
shrinkage rate (∆L/L0) was measured by the disk changes in length before and after 
sintering at different temperatures. The relative densities of the sintered disks were 
measured by the Archimedes method in distilled water. The microstructures and grain 
sizes of the sintered disks were observed by field-emission scanning electron 
microscopy (FESEM, S-4700, Hitachi, Japan). The average grain sizes were estimated 




C.2 Results  
 
Fig. C-1 shows the XRD pattern of Sample-1 calcined at 700 ºC. It can be seen that 
the synthesized powders consist of SDC and NiO two phases without any other phases. 
This means that the NiO-SDC composite powders have been synthesized using 
NH3·H2O as precipitation agent. But a blue filtrate is found during the synthesis, which 
indicates that some metal ions are still kept in the solution. In the three metal ions of Ce, 
Sm and Ni, the Ni2+ is very easy to react with NH3·H2O to form complexation, which 
leads to the loss of Ni2+. The following reactions show the loss of Ni2+. 
 
Ce3+ + 3NH3·H2O = Ce(OH)3↓+ 3NH4
+ 
Sm3+ + 3NH3·H2O = Sm(OH)3↓ + 3NH4
+ 
Ni2+ + 2NH3·H2O = Ni(OH)2↓ + 2NH4
+ 
Ni(OH)2 + 6NH3·H2O = [Ni(NH3)6]
2+ + 2OH- + 4H2O 
 
With the addition of NH3·H2O, precipitate of Ce(OH)3, Sm(OH)3 and Ni(OH)2 is 
formed firstly. In order to precipitate all cations, the NH3·H2O has to be added 
excessively. However, with the excessive amount of NH3·H2O, the [Ni(NH3)6]
2+ 
complex also occurs due to the reaction of Ni(OH)2 and NH3·H2O [32]. The 
[Ni(NH3)6]
2+ complex which is soluble and stable in water is remained in the solution 
after filtering. As a result, the ratio of NiO to SDC in the NiO-SDC composite powders 
has been changed, and the Ni content is significantly lower than the theoretical content 
due to the loss of Ni. The ratio of Ni to SDC in the synthesized powders can’t be strictly 
controlled due to the formation of [Ni(NH3)6]
2+. The Ni volume ratio of the anode 
substrate determines the IR resistance and polarization resistance [33]. So the ratio of Ni 
to SDC in the Ni-GDC anode must be strictly controlled. Thus, NH3·H2O is not suitable 
for preparing strictly controlled NiO-SDC compostie powder due to the loss of Ni. 
Because of the loss of Ni, the Sample-1 is not studied further for crystallization 
mechanism and morphology. 
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Fig. C-1. XRD pattern of Sample-1 calcined at 700 ºC. 
 
When using NaOH and NH3·H2O+NaOH as precipitation agents, there is no blue 
filtrate observed during their synthesis, indicating no loss of Ni. Figs. C-2 and C-3 show 
the XRD patterns of Sample-2 and Sample-3 calcined at different temperatures. There is 
no any crystal phase shown in the as-prepared powders synthesized with NaOH (As 
shown in Fig. C-2). Up to 300 ºC, there is still no crystal phase peak existing, which 
means that the powder is still amorphous. With increasing the calcination temperature, 
the powders convert slowly from amorphous phase to SDC and NiO crystal phases. The 
transition from Ni(OH)2 to NiO has been completed before crystallization. The NiO and 
SDC phases begin to crystallize at about 400 ºC. The solid solution of SDC is formed 
directly before crystallization and no Sm2O3 crystal phase is found at any calcination 
temperatures. The crystallization continues with increasing the calcination temperature.  
The as-prepared powders synthesized with NH3·H2O+NaOH show weak crystallinity 
of Ni(OH)2 and SDC phases (As shown in Fig. C-3). The transition from Ni(OH)2 (crys) 
to NiO (crys) begins at approximately 200 ºC and is completed by approximately 300 ºC. 
At temperatures above 300 ºC, diffraction peaks of the NiO become sharper with an  
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Fig. C-2. XRD patterns of Sample-2 calcined at different temperatures. 
 


































Fig. C-3. XRD patterns of Sample-3 calcined at different temperatures. 
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increase in the intensity, which indicates a gradual growth in the crystallite size with an 
increase in crystallinity of NiO. The solid solution of SDC is formed directly and no 
Sm2O3 crystal phase is found at any calcination temperatures. Diffraction peaks of SDC 
gradually sharpen and the intensity of diffraction peaks gradually increases with an 
increase in the calcination temperature, which shows that crystalline structure of SDC 
tends towards integrity. 
When NH3·H2O+NaOH is used as precipitation agent, Ni(OH)2 and SDC in the 
crystalline form are presented in the as-prepared powders. The NiO and SDC crystal 
phases can be formed at lower temperature, indicating lower crystallization temperature 
needed. When NaOH is used as precipitation agent, there is no crystal phase presented 
in the as-prepared powders. The NiO and SDC begin to crystallize at higher temperature, 
indicating higher crystallization temperature needed. This means that the NiO-SDC 
nanocomposite powders can be synthesized at lower temperature using 
NH3·H2O+NaOH as precipitation agent. 
The crystallite sizes of SDC and NiO phases in the NiO-SDC powders are calculated 
from XRD lines broadening analysis according to the Scherrer equation and shown in 
Fig. C-4. It can be seen that the crystallite sizes of NiO and SDC increase with 
increasing the calcination temperature. The crystallite sizes of NiO and SDC in 
Sample-2 are smaller than that of NiO and SDC in Sample-3 at the same calcination 
temeprature. This is because that the NiO and SDC crystal phases have been formed in 
the as-prepared powders synthesized with NH3·H2O+NaOH. It is also noted that the 
NiO crystallite size is bigger than that of SDC at same calcination temperature. This 
shows that the NiO particles grow more quickly than SDC.  
Figs. C-5 and C-6 show the TG/DTA curves of the as-prepared powders synthesized 
using NaOH and NH3·H2O+NaOH as precipitation agents. The total weight loss up to 
600 ºC for the as-prepared powders with NH3·H2O+NaOH is about 18.79%. The 
endothermic peak at 50.2 ºC is due to the removal of superficial water in the powder 
and the weight loss is about 6.93%. The weight loss of about 11.86% at 220-600 °C 
corresponds to the transition of Ni(OH)2 to NiO, which is accompanied by the 
endothermic peak at 285.1 °C (Fig. C-6). In contrast, the total weight loss for the 
as-prepared powders with NaOH is about 43.29%. The weight loss of about 32.5 % is 
observed up to 220 °C, accompanied by the endothermic peak at 64.5 °C in the DTA 
curve (Fig. C-5), which corresponds to the removal of superficial water in the powders 
and transition of Ce(OH)4 to CeO2. The larger endothermic peak for the powders 
synthesized with NaOH as compared to that for the powders synthesized with 
NH3·H2O+NaOH indicates that the former contains more amorphous phase of Ce(OH)4. 
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Fig. C-4. Crystallite size of NiO and GDC phases in the NiO-GDC powders synthesized 
at different temperatures. 
(A) Smaple-2 
(B) Smaple-3 































































































Fig. C-5. TG/DTA curves of the as-prepared powders synthesized with NaOH 
(Sample-2). 











































The endothermic peak at 273.6 °C is attributed to the transition of Ni(OH)2 to NiO, 
which leads to the weight loss of 10.79%.  
For the two types of samples, both the transitions of Ni(OH)2 to NiO occur at 
200-300 °C. But according to the XRD analysis, the powders synthesized with 
NH3·H2O+NaOH contain a significant amount of crystalline Ni(OH)2 and SDC before 
calcination, indicating that the following synthesis mechanism represents the 
precipitation and calcinations process: 
 
Sample 2:  Ni2+ + OH- → Ni(OH)2 (amorph) → NiO (amorph) → NiO (Cry) 
          Ce3+ + Sm3+ + OH- → Ce(OH)3 (amorph) + Sm(OH)3 (amorph) → 
(Sm,Ce)O2-δ (amorph) → (Sm,Ce)O2-δ (Cry) 
 
Sample 3:  Ni2+ + OH- → Ni(OH)2 (Cry) → NiO (Cry) 
        Ce3+ + Sm3+ + OH- → (Sm,Ce)O2-δ (Cry) 
 
The precipitation agents influence greatly the synthesis and crystallization of NiO and 
SDC phases.  
Due to different crystallization mechanism and crystallization temperature, the 
morphology and particle size of the synthesized NiO-SDC nanocomposite powders is 
also different. Fig. C-7 shows the TEM micrographs of Sample-2 and Sample-3 
calcined at 600 ºC. Nano-sized powders are obtained for the two types of NiO-SDC 
powders. However, the obvious difference is observed for the two types of NiO-SDC 
powders. The NiO-SDC nanocomposite powders synthesized with NaOH show small 
particle size and have some agglomeration. In contrast, the NiO-SDC nanocomposite 
powders synthesized with NH3·H2O+NaOH show relatively big particle size and good 
dispersing. It can be also seen from the TEM micrographs combined with Figs. C-2 and 
C-3 that the NiO-SDC nanocomposite powders synthesized with NaOH are not well 
crystallized. In contrast, the NiO-SDC nanocomposite powders synthesized with 
NH3·H2O+NaOH are well crystallized. 
Fig. C-8 shows the particle size distribution and average particle size of Sample-2 
and Sample-3 calcined at 600 ºC. The particle size distribution was calculated from 
TEM micrographs. The average particle size was calculated by Gauss analysis. The 
NiO-SDC nanocomposite powders synthesized with NaOH have narrow particle size 
distribution and small average particle size. The NiO-SDC powders synthesized with 
NH3·H2O+NaOH have wide particle size distribution and relatively big average particle 
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size. The difference is attributed to the different crystallization mechanism of NiO-SDC 
nanocomposite powders. The crystal phases have been formed in the as-prepared 
powders synthesized with NH3·H2O+NaOH, and grow continuously with an increase in 
the calcination temperature. In contrast, the crystal phases in the powders synthesized 
with NaOH begin to crystallize at high temperature and grow continuously with 
increasing the calcination temperature. Therefore, the NiO-SDC nanocomposite 
powders synthesized with NH3·H2O+NaOH have wider particle size distribution and 
bigger average particle size at the same calcination temperature. 
The two types of NiO-SDC composite powders show fine particle size, and the 
average particle size at 600 ºC is 9.8 and 25.6 nm for Sample-2 and Sample-3, 
respectively. The small particle size can lower the sintering temperature, resulting in 
small grain size. It has been shown that optimization of the anode microstructure by 
decreasing the particle size of the NiO and SDC phase would increase the length of TPB 
and improve the performance of anode [34]. Therefore, the good sintering ability and 
electrical performance of anode will be expected by using the synthesized NiO-SDC 
nanocomposite powder. 
In order to evaluate sinterability of the synthesized NiO-SDC nanocomposite 
powders, the sintering experiments were performed for the two types of NiO-SDC 
nanocomposite powders. Figs. C-9 and C-10 show the SEM micrographs of disk-2 and 
disk-3 sintered at different temperatures. With increasing the sintering temperature, the 
porosity decreases gradually and the grain size increases obviously. However, the 
sintering behavior of the two types of NiO-SDC nanocomposite powders is significantly 
different. This can be seen by the shrinkage as a function of sintering temperature for 
the two types of disks, which is shown in Fig. C-11.  
The shrinkage of the disks increases with an increase in the sintering temperature. 
The change of shrinkage is very obvious at 1000-1300 ºC, and is slight above 1300 ºC. 
The shrinkage of the disk-3 is bigger than that of the disk-2 at the same sintering 
temperature. The shrinkages of the disk-2 and disk-3 are 18.2 and 21.1% at 1300 ºC, 















Fig. C-8. Particle size distributions of NiO-SDC nanocomposite powders calcined at 
600 ºC. Dave is the average particle size. 
 
 























Dave = 9.78 nm 

























Fig. C-9. SEM micrographs of Disk-2 sintered at different temperatures. 
 
(A) 1000 °C (B) 1100 °C 
(C) 1200 °C (D) 1300 °C 









(A) 1000 °C (B) 1100 °C 
(C) 1200 °C (D) 1300 °C 
(E) 1400 °C 
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Fig. C-11. Shrinkage of Disk-2 and Disk-3 sintered at different temperatures. 
 
Fig. C-12 shows the relative density of the Disk-2 and Disk-3 sintered at different 
temperatures. It can be seen that the NiO-SDC disks (Disk-3) prepared using the 
NiO-SDC nanocomposite powders synthesized with NH3·H2O+NaOH show higher 
relative density than the NiO-SDC disks (Disk-2) prepared using the NiO-SDC 
nanocomposite powders synthesized with NaOH. This means that the NiO-SDC 
nanocomposite powders synthesized with NH3·H2O+NaOH have better sinterability 
than the NiO-SDC nanocomposite powders synthesized with NaOH.  
The small grain size is also very important for increasing the TPB of anode. Fig. C-13 
shows the average grain size of the Disk-2 and Disk-3 sintered at different temperatures. 
The Disk-3 shows smaller average grain size than the Disk-2 at the same sintering 
temperature. Thus, the using of the NiO-SDC nanocomposite powders synthesized with 
NH3·H2O+NaOH will be expected to improve the microstructure and electrochemical 
performance of anode. 
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Fig. C-12. Relative densities of Disk-2 and Disk-3 sintered at different temperatures. 
 































In summary, NiO-SDC nanocomposite powders are successfully synthesized by a 
simple hydroxide precipitation method using different precipitation agents. The 
synthesized powders consist of NiO and SDC two phases. The effect of different 
precipitation agents on crystal phase, crystallite size and particle size is investigated in 
detail. Results indicate that the choice of precipitation agent influences greatly the 
synthesis and characteristics of the NiO-SDC nanocomposite powders. When NH3·H2O 
is used as precipitation agent, the NiO-SDC nanocomposite powders synthesized 
deviate from the original composition due to the loss of Ni. When NaOH and 
NH3·H2O+NaOH are used, the loss of Ni can be avoided and nanosized NiO-SDC 
powders are synthesized. The NiO-SDC nanocomposite powders can be synthesized at 
relatively low temperature using NH3·H2O+NaOH as precipitation agent, and the 
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Ni-GDC is suggested to be the suitable anode for low-temperature SOFCs. The 
electrocatalytic activities of anodes for the hydrogen oxidation are directly related to the 
length of the TPB [1-3]. Large TPB can be obtained from homogeneous and contiguous 
structure of pores, Ni and GDC fine grains. The performance of the Ni-GDC cermet is 
critically dependent on the microstructure and the distribution of Ni and GDC phases in 
the cermet [4,5]. This in turn is closely related to the characteristics of the NiO and 
GDC powders and the fabrication process.  
Anode materials were usually prepared by a mechanical mixing method [6,7], where 
separately prepared NiO and GDC powders were mixed and sintered to form Ni-GDC 
cermets. This method is simple and allows for accurate chemical composition, but it is 
difficult to achieve uniform distribution of elements in the anode, which will result in a 
nonhomogeneous microstructure and a poor electrical performance. In order to improve 
anode performance, it is necessary to develop NiO-GDC composite powders which 
have uniform distribution of elements. Co-precipitation method is a simple and 
promising process to produce homogeneous and small-sized powder. In this study, the 





The NiO-GDC nanocomposite powders (NiO:GDC=60:40 mass%) were synthesized 
by oxalate precipitation method. The starting materials used in the synthesis of 
NiO-GDC nanocomposite powders were Ce(NO3)3·6H2O (Kanto Chemical Co., 
99.99%), Gd(NO3)3·6H2O (Kanto Chemical Co., 99.95%) and Ni(NO3)2·6H2O (Kanto 
Chemical Co., 99.95%). Oxalic acid dihydrate (Kanto Chemical Co., 99.0%) was used 
as precipitation agents. The appropriate proportion of Ce(NO3)3·6H2O, Gd(NO3)3·6H2O 
and Ni(NO3)2·6H2O were dissolved into ethanol, and continuously stirred to obtain a 
homogenous solution. The homogenous solution was then added dropwise to oxalic acid 
solution which was made by dissolving oxalic acid into ethanol. And then, the 
precipitate was washed with ethanol for several times. After washing, the precipitate 
was dried at 60 °C, and calcined at 200-800 °C for 1 h to form NiO-GDC composite 
powders.  
Thermogravimetric analysis and differential thermal analysis (TG/DTA) of the dried 
precursor was made on a TG-DTA analyzer (Thermplus 8120, Rigaku Co., Japan) in air 
with a heating rate of 10 ºC/min, using alumina cup as the sample container and 
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alpha-alumina as the reference. 
Phase identification of the synthesized powders was performed by X-ray diffraction 
(XRD, MX21, Mac Science, Japan) operating with a voltage of 40 kV and current of 40 
mA using CuKα radiation (λ=1.5406 Å). The crystallite size of the synthesized powders 
was calculated according to the Scherrer equation. 
The morphology and particle sizes of the synthesized powders were examined by 
transmission electron microscopy (TEM, HF-2000, Hitachi, Japan). The particle size 
distributions were calculated from TEM micrographs by measuring approximately 200 
particles. 
In order to examine sinterability of NiO-GDC powders, sintering experiments were 
performed by uniaxially pressing the NiO-GDC powders at a pressure of 200 MPa to 
form 20 mm green disks. The disks were then sintered in air at 1100-1300 ºC for 2 h. 
The shrinkage rate (∆L/L0) was measured by the disk changes in length before and after 
sintering at different temperatures. The relative densities of the sintered disks were 
measured by the Archimedes method in distilled water. The microstructure of the 
sintered disks was observed by field-emission scanning electron microscopy (FE-SEM, 




Fig. D-1 shows the TG/DTA analysis of the as-prepared powders. The total weight 
loss up to 600 ºC is about 59.04%. The endothermic peak at 125 °C contributes to the 
dehydration of oxalates and the removal of absorption ethanol. The endothermic peak at 
229 °C corresponds to decomposition of oxalates. The oxidation of metal ions is 
responsible for the exothermic peak at 338.7 ºC. It is well known that NiC2O4·2H2O is 
thermally decomposed into Ni and CO2 in vacuum or inert atmosphere [8], therefore, 
the thermal decomposition of NiC2O4·2H2O and oxidation of Ni occur at the same 
temperature in air. At the beginning of decomposition, the endothermic process is 
prevailing, so the endothermic peak is presented at 229 °C. With the process going on, 
the exothermicity due to the oxidation of metal ions overwhelms the endothermicity due 
to the decomposition of oxalates, so the exothermic effect is dominant and the 
exothermic peak is presented at 338.7 ºC. The weight increment caused by the oxidation 
of metal ions is far less than the weight loss owing to the release of CO2. Almost no 
weight loss was observed above 600 °C, implying only the presence of NiO and GDC, 
which was further confirmed by XRD measurements. 
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Fig. D-1. TG/DTA curves of the as-prepared powder. 
 
Fig. D-2 shows the XRD patterns of as-prepared powders and those calcined at 
different temperatures for 1 h. It is noted that the as-prepared powders are amorphous. 
Up to 300 °C, there are still no NiO and GDC crystal phases. The NiO and GDC crystal 
phases begin to be formed at 400 °C. No Gd2(C2O4)3 or Gd2O3 crystal phase was found 
at any calcination temperatures, indicating the direct formation of oxide solid solution 
of GDC. Diffraction peaks of GDC and NiO became sharper and more intense with an 
increase in the calcination temperature, which indicates a growth in the crystallite size. 
The crystallite size of GDC and NiO phases was calculated from XRD lines broadening 
analysis according to the Scherrer equation. Fig. D-3 shows the crystallite size of NiO 
and GDC phases in the NiO-GDC powders calcined at different temperatures. The 
crystallite sizes increase quickly with an increase in the calcination temperature.  
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Fig. D-2. XRD patterns of NiO-GDC powders calcined at different temperatures. 






























Fig. D-4 shows the TEM micrographs of the NiO-GDC powders calcined at 600 and 
800 °C for 1 h. It can be seen that the NiO-GDC powders consist of many small 
particles at 600 °C, and the NiO-GDC powders consist of many smaller particles and 
some bigger particles after calcining at 800 °C, which indicates a wide particle size 
distribution. The average particle size and particle size distribution of the NiO-GDC 
powders were calculated from TEM micrographs by measuring approximately 200 
particles and are shown in Fig. D-5. The average particle size of the NiO-GDC powders 
is 12.6 and 20.5 nm at 600 and 800 °C, respectively. The particle size distribution of the 
NiO-GDC powders becomes wider with an increase in the calcination temperature.  
Fig. D-6 shows the shrinkage and relative density of the NiO-GDC disks sintered at 
different temperatures. The shrinkage is relatively large, but the relative density is no 
high and the relative density at 1300 °C is about 69%, which is lower than that of the 
disks with the NiO-GDC nanocomposite powders synthesized by hydroxide 
precipitation method.    
Fig. D-7 shows the SEM photographs of the NiO-GDC disks sintered at 1300 °C. It 
can be seen that there are many big cracks formed in the NiO-GDC disks, which affects 
the shrinkage and relative density of NiO-GDC disks. In addition, the cracks also affect 
the use of disk as anode of SOFC. For the preparation of electrolyte films by 
co-pressing and co-sintering, the cracks will result in the cracks formed in the 
electrolyte films. Therefore, the sintering of the NiO-GDC nanocomposite powders 





Fig. D-4. TEM micrographs of NiO-GDC powders calcined at different temperatures. 
 
(A) 600 ºC 
(B) 800 ºC 
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Fig. D-5. Particle size distributions of NiO-GDC powders calcined at different 










































(A) 600 ºC 
(B) 800 ºC 
Dave = 12.6 nm 
Dave = 20.5 nm 
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Fig. D-7. SEM photographs of the NiO-GDC disk sintered at 1300 ºC. 
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In summary, homogenous NiO-GDC nanocomposite powders with average particle 
size in the range of 10-30 nm have been successfully synthesized by oxalate 
precipitation method. The NiO-GDC nanocomposite powders can be synthesized at 
temperature above 400 °C. The synthesized NiO-GDC nanocomposite powders have 
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  Solid oxide fuel cells (SOFCs) have attracted extensive attention over the past several 
decades due to their high-energy conversion efficiency, low pollution emission, high 
flexibility to various fuels and a wide range of applications from small scale to large 
sized power systems [1,2]. Conventional SOFCs with yttria-stabilized zirconia 
electrolyte are required to operate at high temperatures (~1000 °C) in order to have a 
good efficiency and high power density. However, high operating temperatures cause 
many problems such as material degradation and high cost [3-5]. Therefore, it is 
desirable to lower the operating temperature to enhance the long-term performance 
stability and reduce the cost. 
  At lower operating temperatures, interconnects, heat exchangers, and structural 
components may be fabricated from relatively inexpensive metal components. Lower 
operating temperatures would also decrease electrode sintering, minimize the interfacial 
diffusion between the electrolyte and the electrode, provide higher thermodynamic 
efficiency, higher Nernstian voltages, and enhance the durability of the cell. The 
operating temperature can be reduced by reduction of the thickness of the electrolyte. 
Indeed, work undertaken to reduce electrolyte thickness has resulted in a significant 
decrease of ohmic resistance of the electrolyte film and a decrease in the operating 
temperature of the fuel cells [6,7]. When using a thin electrolyte film, the electrolyte can 
no longer mechanically support the cell, and one of the porous electrodes is used as the 
mechanically supporting component. 
  Various thin film techniques have been used to form electrolyte films, including 
chemical vapor deposition (CVD) [8], pulsed laser ablation (PLD) [9], RF magnetron 
sputtering [10], slurry coating [11], tape casting [12], sol-gel [13], spray pyrolysis [14], 
screen printing [15] and electrophoretic deposition (EPD) [16]. The vacuum deposition 
techniques are generally of quite high cost in both equipment and operation, and of very 
low efficiency. The non-vacuum techniques are relatively simple and inexpensive. 
Among the non-vacuum techniques, the spray coating method is a very useful technique, 
and has been considered to be suitable for thin film deposition because of its simplicity, 
convenience, and being the least expensive method to prepare uniform and large area 
thin films on various substrates of practically any shape and size. This technique has 
high potential for industrial production. For porous structures the spray coating is a 
well-established method, and has been used for various coating layer depositions [17, 
18]. However, for SOFCs the electrolyte layer has to be gas tight to separate fuel and 
oxygen, and prevent an uncontrolled reaction. In this paper, the focus is on the 






Ce0.9Gd0.1O1.95 (GDC) nanopowders (Anan Kasei Co. Ltd., Japan) were used as the 
starting material. The average primary particle size was 44 nm and the powder surface 
area was 29.1 m2/g characterized by the Brunauer-Emmett-Teller (BET) method. Porous 
NiO-GDC substrates used in this research were fabricated using the conventional 
solid-state route. Commercial GDC powders and NiO powders were mixed in the ratio 
of 50 % by weight, and then ball milled for 16 h. The mixture was then pressed into 
pellets (20 mm in diameter, 1mm in thickness) using a uniaxial press. The disks were 
pre-sintered at 1000 °C for 1 h to provide strength for further processing steps. 
The spray coating process involves several important steps: preparation of suspension, 
spray-coating of suspension, drying of wet coating and sintering. Suspension of the 
GDC powders was prepared in isopropyl alcohol by ball milling for 20 h. The solid 
content of the suspension was 5 mass%. In order to obtain a well-dispersed suspension, 
nonionic surfactant Triton X-100 was added as a dispersant. The suspension was placed 
into an air-spray gun with a continuous supply of high pressure air, and sprayed on 
substrates which were washed with isopropyl alcohol. The wet coating layer was then 
dried naturally. After multiple coatings, the green films and substrates were co-sintered 
at 1300 °C for 5 h to obtain dense supported electrolyte films.  
Measurement of the dispersion characteristics of the GDC suspensions was carried 
out using the conventional sedimentation test. The measurement of sedimentation 
volume in suspension is a well-accepted method to establish the degree of particle 
dispersion. The suspensions were allowed to stand undisturbed for 8 days. The 
dispersion volume was recorded as a function of dispersant content. The larger the 
dispersion volume, the more stable the suspension. To examine agglomeration behavior 
of the GDC powder in suspension, the GDC suspension was spray-coated on a silicon 
substrate. The morphology of agglomerates in suspension was characterized by a 
field-emission scanning electron microscope (FE-SEM, S4300, Hitachi, Japan). The 
microstructure and the thickness of the resulting films were observed by FE-SEM.  
 
E.2 Results  
 
The microstructure of the GDC film depends on both the properties of the GDC 
suspension (dispersibility, stability, solid content, etc.) and the parameters chosen for the 
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spray coating process (distance between nozzle and substrate, flow velocity of 
suspension, velocity of the motion system, etc.). In this study, the parameters of the 
spray coating were fixed for all the samples. Thus, the properties of GDC suspension 
determined the film microstructure. The quality of thin film prepared by spray coating is 
dependent upon the degree of dispersion and stability of particle in suspension. In order 
to find the optimum concentration of the dispersants necessary to stabilize the GDC 
suspensions, sedimentation tests were carried out. The final dispersion volume is plotted 
in Fig. E-1 as a function of dispersant content. It is observed that the maximum 
dispersion volume is obtained when the dispersant content is 2 mass%. This means that 
a well-dispersed and stable suspension is obtained with dispersant of 2 mass%. At the 
lower or higher concentration of the dispersant, the dispersion volume is found to 
decrease gradually and the suspensions become unstable.  
Fig. E-2 shows the agglomeration behavior of the suspensions with different 
dispersant content. It can be seen that with the addition of dispersant, the agglomeration 
particles become smaller (Fig. E-2 A-C), which indicates that the particles were 
dispersed well in  
 
































Fig. E-2. SEM micrographs of the GDC suspensions with different dispersant content, 
which were spray-coated on a Si substrate. 
 
the suspension with adsorption of dispersant, and the best dispersion was formed at 2 
mass% of dispersant (Fig. E-2 C). However, when the dispersant content is greater than 
2 mass%, the agglomeration particles become larger with the increasing dispersant 
(A) 0 mass% (B) 1 mass% 
(C) 2 mass% (D) 3 mass% 
(F) 10 mass% (E) 5 mass% 
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content (Fig. E-2 D-F). Bridging between particles may occur due to excess dispersant, 
which results in the formation of large aggregation particles. The larger agglomeration 
particles result in fast settling. The above results show a well-dispersed suspension 
could be obtained by the addition of TX-100 of 2 mass%. 
SEM photographs of the GDC films prepared from the powder suspension are shown 
for the dispersant content of 0 mass% and 2 mass% in Figs. E-3 and E-4, respectively. 
In these examples, the substrate is porous NiO-GDC, and the thickness of the sintered 
films is approximately 2 µm. In the case of no dispersant, the sprayed particles have 
formed a number of large agglomerations in the green film, and the agglomerations 
form a porous structure (as shown in Fig. E-3 A). It is difficult for the porous green film 
with many agglomerations to form a dense structure. As shown in Figs. E-3 B and E-3 
C, the sintered coating layer exhibits a porous microstructure with a number of large 
pores. It is obvious that there are connecting pores from the film surface to the 
film/substrate interface. Consequently, this porous film may not be suitable for the use 
as electrolyte layer because it would result in a leak of gaseous hydrogen.  
In contrast with the morphology observed in Fig. E-3 A, Fig. E-4 A shows there is no 
significant agglomeration in the green film for the dispersant content of 2 mass%. 
Compared with Fig. E-3 A, the green film is denser and smoother. As can be seen from 
Fig. E-4 B and E-4 C, a dense, crack-free and continuous GDC film was successfully 
deposited on the porous NiO-GDC substrate. The grain size is in the range of 0.5-1.5 
µm and there are very few small pores at the grain boundaries. There are no connecting 
pores in the sintered film. It is seen that the GDC film has uniform thickness and is well 
bonded to the substrate without any interfacial flaws between the coating layer and the 
substrate. Indeed, no delamination or spallation was observed when the GDC coated 
specimen was broken during bending. Hence, the results indicate that the dispersion of 




Fig. E-3. SEM photographs of the GDC films prepared from a GDC suspension with 0 







(A) Green film 






Fig. E-4. SEM photographs of the GDC film prepared from a GDC suspension with 2 







(A) Green film 





 The processing technique used in this research enables us to prepare homogeneous 
and dense films with a controlled thickness. The thickness of the GDC film can be 
easily controlled by simply changing the number of coating layers and the solid content 
of the suspension. The spray coating is believed to be suitable for preparation of the 
electrolyte films with large area or complex shape. Investigation of electrical properties 
of the electrolyte thin films prepared by the spray coating method is now under way. 
The performance of single cells with the electrolyte thin films prepared by the spray 
coating method will also present in the future. 
  In summary, dense and crack-free GDC thin films with a thickness of approximately 
2 µm were successfully prepared on porous NiO-GDC substrates using a spray coating 
method. The thin films prepared had uniform thickness and were well bonded to the 
substrates. The dispersion of GDC powders in suspension affected the microstructure of 
the thin films. The agglomerated suspension led to a porous microstructure which 
contained connecting pores from the film surface to the film/substrate interface. The 
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Yttria-stabilized zirconia (YSZ) is still the most commonly used electrolyte material 
for high temperature (1173–1273 K) solid oxide fuel cells (SOFCs). However, recent 
demands on low temperature (773–973 K) solid oxide fuel cells (LT-SOFCs) have 
come to be stringent [1,2], because lower operating temperature for SOFCs applications 
shows several advantages such as flexibility in selection of electrodes, seals and 
relatively inexpensive metal components to be used as interconnect materials, heat 
exchangers, and structural components which significantly decrease the running cost of 
the cells, and increase the reliability of SOFCs stacks [3,4]. In order to decease the 
operating temperature, preparation of thin electrolyte films with thickness less than 
several µm or applications of alternative electrolyte materials with higher ionic 
conductivity has been recommended. Ceria solid solutions thin films with higher ionic 
conductivity, such as samaria doped ceria (SDC), gadolinia doped ceria (GDC) and 
Ca-doped ceria [1,5–10] have been considered to be one of the most promising 
electrolytes for LT-SOFCs. In addition, fluorite structured ceria solid solutions exhibit 
mixed ionic and electronic conductivity under reducing atmospheres, so they are also 
used as anode materials for SOFCs such as Ni-SDC [9,11,12] or Ni-GDC [8,13,14].  
Various thin film deposition methods have been attempted for fabrication of thin 
electrolyte films [1]. Otherwise than the complicated and expensive physical methods 
such as electrochemical vapor deposition or vacuum processes including magnetron 
sputtering, the sol–gel methods are much simpler and inexpensive and have several 
advantages, such as practically available uniform coating of large areas with good 
stoichiometry, easily controllable deposition rates and film thickness. 
In this study, a citric acid sol spray-coating method was developed and applied to 





The citrate solution was selected as the sol precursor rather than the commonly used 
dispersed nanopowder, because the easy aggregation of nanopowder contributed to a 
relatively nondense microstructure in nanoscale while the green films annealed at low 
temperature. The preparation of the citrate sol solution started from the mixing of 
cerium nitrate hexahydrate Ce(NO3)3·6H2O (> 99.99 mass%, Kanto Chem. Co., Japan) 
and gadolinium nitrate hexahydrate Gd(NO3) 3·6H2O (> 99.99 mass%, Kanto Chem. Co., 
Japan) in a molar ratio of 9:1. And then the citric acid monohydrate C6H8O7·H2O (> 
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99.5%, Wako Pure Chem. Ind. Ltd., Japan) aqueous solution of 0.2M as chelating agent 
and PEG 600 (Wako Pure Chem. Ind. Ltd., Japan) of 0.15M as polymerization agent 
were added into the mixed aqueous nitrate solution of 0.2 M. After homogenization and 
evaporization of water in the mixed solution using a hot stirring, isopropyl alcohol (> 
99.9%, Wako Pure Chem. Ind. Ltd., Japan) was introduced as a dispersant to obtain the 
citrate sol precursor solution which was stable for over 3 months before gelation. GDC 
thin films were prepared on porous NiO-GDC anode substrates (NiO and GDC in 60:40 
mass ratio) using the citric acid sol spray-coating method. After each coating, the green 
GDC film was dried in air at 100 ºC for 1 h and then annealed at 300 ºC for 1 h to 
remove the organics. The process was repeated for several times to achieve the desired 
film thickness. Finally, the GDC thin films were sintered at 500 ºC for 2 h.  
The citrate precursor of GDC was subjected to differential thermal and 
thermogravimetric analysis (DTA/TG, Thermo Plus TG8120, Rigaku, Japan) at a 
heating rate of 10 ºC/min with an air flow rate of 200 ml/min. The crystal phase 
structures of GDC thin films were identified by X-ray diffraction with rotating anode 
X-ray generator (XRD, RIGAKU Rota-flex RU-200B, Rigaku, Japan). The morphology 
of the prepared GDC thin films was investigated by field emission scanning electron 
microscope with energy dispersive X-ray detector (FE-SEM/EDX, S-4300, Hitachi, 
Japan). 
For evaluating the prepared GDC thin film as electrolyte, electrochemical 
performance of anode-supported single cells with the GDC thin film prepared by citric 
acid sol spray-coating method was evaluated using an in-house test station. The single 
cell was fabricated by screen-printing LSCF paste on the GDC thin film and sintering at 
900 ºC for 2 h. The single cells were tested in the conditions of humidified H2 (3 vol.% 
H2O) for the anode and oxygen for the cathode. The current-voltage characteristics of 




Fig. F-1 shows the DTA/TG curve of the as-prepared citrate sol precursor. The 
endothermic peak positioned at 98.4 ºC is assigned to the release of isopropyl alcohol 
solvent, physisorbedwater, chemisorbedwater and the degradation of the organic 
moieties contained in the citrate gel, which occur with the weight loss of 51.94%. The 
intense exothermic peak at 317.2 ºC is accompanied by a weight loss of 21.83% up to 
400 ºC which corresponds to the decomposition of citrate, which indicates the formation 
of amorphous or crystalline inorganic oxides. No further weight loss or gain, and no 
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obvious endothermic or exothermic were found in the temperatures of 400-1000 ºC, 
which indicated no crystallographic form or no new crystal occurred during the 
annealing.  







































Fig. F-1. TG/DTA curves of the as-prepared citrate sol precursor. 
 
The XRD pattern of the GDC film deposited on Si wafer substrate annealed at 500 ºC 
is shown in Fig. F-2. It can be seen that the GDC crystal phase is formed, and there are 
no other impurity phases except for the crystal phase of Si substrate. The crystallite size 
of GDC is about 10 nm calculated according to the Scherrer equation. This means that 
the nanocrystalline GDC thin film is prepared by this method.  
The SEM photographs of the GDC thin film deposited on the porous NiO-GDC 
anode substrate are shown in Fig. F-3. It can be seen that the GDC thin film is dense 
and crack-free expect for a few pinholes. The thickness of the GDC film is about 1 µm. 
It is obvious that the citrate sol–gel route is well capable of preventing the crack 
formation in sol–gel films and densifing the films at low annealing temperatures. 
Compared with the commonly used sol–gel route using nanocrystalline or fine oxides 
powder as precursor, this method using the citrate sol as precursor provides a better 
preparation of electrolyte thin films for IT-SOFCs applications because the green films 
involved 
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Fig. F-2. XRD pattern of the GDC film deposited on Si substrate at 500 ºC.  
 
with oxides powder as precursor need elevated temperature (1400–1500 ºC) [8,9] to 
densify. The lowing annealing temperature for the GDC coatings is obviously useful for 
the preservation of the well designed microstructure of the anode substrate because the 
anode substrate maybe over-sintered at extremely high annealing temperatures. 
Furthermore, the controllable film thickness and the dense nanocrystalline 
microstructure should be beneficial to the preparation of electrolyte thin films for 
IT-SOFCs application. In addition, in view of the flexibility of the spray coating 
technique, the present citric acid sol spray-coating method is believed to be suitable for 
preparation of the electrolyte thin films with large area or complex shape.  
Fig. F-4 shows I-V and I-P characteristics of anode-supported single cell with the 
GDC electrolyte thin film prepared by the citric acid sol spray-coating method. The 
maximum power densities were 60, 92 and 122 mW/cm2 at 500, 550 and 600 ºC, 
respectively. The open circuit voltage (OCV) value is 0.76 V at 600 ºC and increases to 
0.79 V at 550 ºC and 0.81 V at 500 ºC. The electrical performance is comparable with 
that of the anode-supported single cell with GDC electrolyte thin film of 1 µm prepared 
by the GDC sol spray-coating method.  
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Fig. F-4. I-V and I-P characteristics of single cell with the GDC electrolyte thin film 
prepared by the citric acid sol spray-coating method. 
 
In summary, nanocrystalline Ce0.9Gd0.1O1.95 (GDC) thin films are successfully 
prepared on porous NiO-GDC substrates at relatively low temperatures using the citric 
acid sol spray-coating method. The GDC thin film prepared at 500 °C is cubic 
nanocrystalline film. The film is dense and homogeneous, and well adhered to the 
porous substrate. The single cell with the GDC thin film of 1 µm shows the maximum 
power density of 122 mW/cm2 at 600 °C. Result shows that the citric acid sol 
spray-coating method is suitable for the preparation of thin electrolyte films on porous 
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Effect of element diffusion of LSCF on microstructure of 





























Conventionally, a sintering temperature over 900 ºC is required for the LSCF cathode 
preparation in order to obtain sufficient contact with electrolyte. The high sintering 
temperatures result in solid state reactions occurring between the LSCF cathode and 
YSZ electrolyte, and La2Zr2O7 and SrZrO3 phases are often formed at the 
cathode-electrolyte interface [1,2]. The reaction products formed at the 
cathode-electrolyte interface could degrade the long-term SOFC performance. The 
chemical compatibility between the electrolyte and the cathode is an important factor to 
successfully operate the SOFC. Thus, it should be ensured that no reactions are occurred 
at the interface. Fortunately, no reaction occurred between LSCF material and doped 
CeO2 material [3,4]. That is, LSCF is chemically compatible with doped CeO2. 
Therefore, doped CeO2 are the preferred electrolytes for use with LSCF cathodes. 
The performance of LSCF cathodes strongly depends on their microstructures, which 
determine the length of the triple phase boundary (TPB). The TPB is the active sites for 
the oxygen reduction proceeding in the cathode [5,6]. The sintering conditions affect the 
microstructure of cathode and the adhesion of the cathode to the electrolyte, and are 
important processing parameters. In addition, high sintering temperature also affects the 
diffusion of metal ions from cathode to electrolyte, which will change the 
microstructure and properties of electrolyte.  
In this study, the effect of sintering temperatures of LSCF cathode on the 
microstructure of GDC electrolyte was investigated.   
 
G.1 Experimental  
 
  The Ce0.9Gd0.1O1.95 (GDC) powders were was subsequently cold-pressed to form 
green substrates of 20 mm in diameter and 1 mm in thickness. The green substrates 
were then sintered at 1300 ºC for 5 h. And then, LSCF cathode paste was screen-printed 
onto the GDC substrates, and sintered at 700, 900 and 1100 °C for 2 h. The 
microstructure of the LSCF cathodes and GDC electrolyte was observed by 
field-emission scanning electron microscopy with energy dispersive analysis of X-ray 




Fig. G-1 shows the cross-sectional SEM micrographs of the GDC electrolyte and the 
LSCF cathode. It can be clearly seen that with the LSCF cathode sintered at 700 ºC the 
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micrograph of GDC electrolyte is not changed. In contrast, there is an “interlayer” 
formed in the electrolyte closed to the LSCF cathode side when the LSCF cathode is 
sintered at 900 and 1100 ºC. The relation of the “interlayer” thickness and sintering 
temperature of LSCF cathode is shown in Fig. G-2. It can be seen that the “interlayer” 
thickness obviously increases with an increase in the sintering temperature of LSCF 
cathode.  
Fig. G-3 shows SEM micrographs of the “interlayer” closed to and far from LSCF 
cathode. The grain size in the “interlayer” becomes very bigger, and the grain boundary 
becomes no obvious. The change of electrolyte microstructure could result from the 
elemental diffusion from LSCF cathode to GDC electrolyte. It has been reported that a 
small amount of addition of metal oxides (Fe2O3, Co3O4 or CuO) into the doped ceria 
remarkably enhanced the sintering characteristics [7-9]. Thus, the diffusing elements 
can be regarded as sintering agents, which enhance the sintering of GDC electrolyte. 
Therefore, the elemental diffusion would cause microstructure degradation of the 
electrolyte and potentially influence the OCV of single cell.  
Figs. G-4 and G-5 show EDX mapping analysis and line analysis of the interface of 
the GDC electrolyte and LSCF cathode. Small traces of Co and Fe were found in the 
GDC electrolyte layer. The minor dopant additions have no essential effect on the total 
and ionic conductivity, but considerably increase the p-type electronic transport [9]. The 
increased electronic conductivity of electrolyte will lower OCV of single cell. So the 
OCV of the single cell with the cathode sintered at 1100 ºC is lower than that of single 
cells with the cathode sintered at 700 and 900 ºC (as shown in chapter 4). Thus, for 
thinner electrolyte films, the influence will be much remarkable and a further 





Fig. G-1. Cross-sectional SEM micrographs of LSCF cathode and GDC electrolyte. 
 
(A) 700 ºC 
(B) 900 ºC 









































































Fig. G-5. EDX line analysis of interface of LSCF cathode and GDC electrolyte. 
 
  In summary, high sintering temperature of LSCF cathode results in element diffusion 
from cathode to electrolyte, which change the microstructure of electrolyte closed to the 
cathode side. Lowering the sintering temperature of LSCF cathode can decrease the 
element diffusion. For thin-film electrolyte, the optimized sintering temperature of 
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  With decreasing the grain size of electrolyte, the electronic and ionic conductivity of 
electrolyte also change. Fig. 1 shows the relation of electronic conductivity and grain 
size of ceria at 600 °C. It can be seen that the change of electronic conductivity of ceria 
is not obvious when the grain size is larger than 50 nm. In contrast, the electronic 
conductivity of ceria increases quickly with the decrease in the grain size of ceria. 

































Fig. I-1. Relation of electronic conductivity and grain size of ceria [1]. 
 
  Fig. I-2 shows the relation of ionic conductivity and grain size of GDC at 600 °C. It 
can be seen that the ionic conductivity of GDC increases quickly with the decrease in 
the grain size of GDC when the grain size of GDC is less than 35 nm. The change trend 
of ionic conductivity is similar with the change trend of electronic conductivity. This 
means that the effect of grain size on electronic and ionic conductivity is very small 
when the grain size is larger than 100 nm. Therefore, the effect of grain size of GDC on 
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